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1.0 HITRAN DATABASE

Throughout the course of this contract data was re-
ceived from research groups to add to the HITRAN database for
the mainl/ IR absorbers and the trace gasz/ absorbers of the
atmosphere. Before any data is added to either of the atlases
it must be studied and its quality determined. This is accom-
plished by consultation with other colleagues, numerical and
graphical analysis of the data and comparison with the data
that it is to replace. Most of the procedures are automated
so there is little chance of adding typographical errors.

Many programs were written and/or customized for the data con-
sidered. The ultimate aim of the procedures set up was to
handle a large amount of data, perform conversions, rearrange,
coalesce, etc. without generating any errors or inconsistencies
in the data base.

In Table 1 the data that was added to the atlases bv
ULCAR is listed along with the source of the data and atlas it
was (to be) added to. This represents some two hundred thou-
sand lines of data that were manipulated by the ULCAR programs.
Generally the data that is received is not complete, the half-
widths for the individual transitions must be added as well as
an internal date code. Sometimes other parameters must be
added, e.g. isotope code or parameters rearranged, e.g. put
vibration or rotation quantum numbers in AFGL format.

Within the contract period new versions of the Main
Gas Atlas and Trace Gas Atlas were released (1982). Publica-
tions describing these new versions are given in Appendices
Bl and B2. These contained most of the data from Table 1.
Part of the data from Table 1 has been added to the in-house
atlas and will be released on the next edition. In addition
to this some of the data has been copied and stored and will
be processed for the next edition of the atlas.
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The next edition of the HITRAN database is scheduled
to be released in 1985 and will see many new changes. The

main gas and trace gas atlases will be incorporated into one
and several new molecules will be added. The format of the
data has also changed to allow more information to be stored.
Under the new scheme the vibrational assignment and isotope
codes will be a single integer and correspondence with spec-
troscopic notation is accomplished through a double array
lookup scheme. Each transition will have the uncertainty of
the line wavenumber, intensity and halfwidth and references
indicated by the same type of lookup scheme. Also, a change
to storing the wavenumber of the transition in the same format
for all the data will make the data easier to use. The format
of the new atlas is given in Table 2. In order to facilitate
the use of the new database a user friendly program will be
provided that will read the new format, do the necessary look-
ups, and write or print the desired file in the usual spectro-
scopic notation.

A program has been written that will convert the
1982 format to the 1985 format. In doing this we have tried
to allow for many of the known incorrect format of data on
the 1982 tapes.

To ease the conversion and simplify future modifica-
tions a new data storage system has been implemented. The
two atlases have been combined and twenty files created which
are in one transition per record and in ASCII. Thus buffered
binary and unpacking are no longer necessary. The twenty
files created are small enough to be handled by the editor
and used as input interactively. The twenty files, wavenumber
ranges and line count are given in Table 3.

These files exist on both the Cyber and Vax systems.
The incorporation of AFGL's Vax 11/780 into the data manipula-
tion scheme is recent and was done to take advantage of the
Vax's greater storage capacity, to allow us to test programs

—
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Table 2. Record Format of 1985 Atlas
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Table 3.

Wavenumber Range and Line Count

Files for File Management System,

File OlLow
FMS01 0.
FMS02 100.0000
FMSO03 600.0000
FMSOu 700.0010
"FMSO05 800.0004
FMS06 885.0000
FMS07 1000.0070
FMS08 1100.0002
FMS09 1300.0136
FMS10 1700.0070
FMS11 1900.0709
FMS12 2200.0013
FMS13 2400.0246
FMS1u 2900.0u475
FMS15 3100.0306
FMS16 3600.0018
FMS17 3900.0300
FMS18 5000.0515
FMS19 7000.0330
FMS20 11000.090

®High
99.99
599.,9996
699.9970
799.9829
884,9998
999,9960
1099.9970
1299.9920
1699,.9993
1899.9992
2199.9870
2399.9615
2899,9430
3099.9950
3599,9960
3899,9120
4999.6863
6999.9730

10999.200
17879.736

------------ (R R LA R RS R R L T
; RSO IO AN A N N R IR,

No. Lines

20,386
14,711
18,062
12,787
19,907
17,676
13,403
19,552
17,427
13,914
13,285
14,896
15,963
13,237
17,678
13,803
12,191
13,369
13,685

5,417
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on a 32 bit machine, and to benefit from many additional fea-

tures present on the Vax. With the communication link between
the Cyber and Vax the files can be transferred back and forth

between both systems.

One last project performed under this contract deal-
ing with HITRAN data was the generation of an atlas of CO2 and
HZO to be used at the 1000 - 1200 K range. This was called
the Hot Gas Atlas and differs from the Main Gas Atlas in that
it only contains two molecules, a much lower strength criteria
is applied so many high J transitions are included. For water
vapor halfwidths had to be added to the Hot Gas Atlas which
160, H, 70 and H,'%0 (note no HDO data
is present). The halfwidths added are from two sources: for
the 171, 181 and some of the 161 transitions the values are

from Davies' optimum combination algorithm.gf For many of the

contains the isotopes H2

161 transitions values were taken from the more rigorous
quantum Fourier transformi/ calculations of Gamache and
Davies.él Many halfwidth values were not available for the
high J transitions required by this atlas, for these transi-
tions the extrapolated default values in Table 4 were used.
All halfwidth files were put in to mass storage (random ac-
cess) with the keys being related to the upper and lower state
rotational quantum numbers of the transition. No vibrational
dependence was considered in this work. The halfwidths were
added to the Hot Gas Atlas and the tape delivered to Dr. John

Selby of Grumman Aerospace.

Along with this work, Dr. Selby requested an average
ratio of self-broadened halfwidth of H20 for the N2-broadened
value as a function of J". Presently in Fascodeg/ an average
ratio of 5 is assumed for Y(self)ly(Nz). Using the self- and
Nz-broadened halfwidths of reference 5, the ratio was formed
and then averaged over the number of transitions of a particu-
lar J". The results are given in Table 5 which displays a
clear J" dependency with the ratio increasing with increasing
Jn,
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Table 4. High J" Default Halfwidths for Various

Isotopes of Water Vapor

Isotope
161
171
181
162

Default Halfwidth

cm™!/atm
0.0086
0.0084
0.0082
0.0086

a. J" value after which default value applies.

» Y3 o Tos Tt R e A R A IR R R o
1 ,.\,.’_,\( » \"-'. ..-.‘. '. .D'. v,

10

J" a
20 )
15
15
15
el




i

. 4"

2 PRI

L

€ »_a
'y

Catels

ML LV AN

it}
MM S

Table S.

Nz-Broadened Halfwidth for H20 as a Function of Jg"
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Average Ratio of Self-Broadened Halfwidth to

Y(self)/y(Nz)

4.69
5.01
5.23
5.31
5.27
5.37
5.30
5.22
5.29
5.50
5.62
5.74
5.82
5.76
5.75
5.95
6.14
6.35
6.68
6.58

11

No. in Average

14
21
28
36
42
49
56
n
70
77
8y
92
98

105

112

113

106

115
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2.0 HALFWIDTH CALCULATIONS FOR O, PERTURBED BY N2, 0 AIR

3 2?

One of the main tasks of this work was to produce a
database of transition dependent halfwidths for ozone. The

intent was to use the ATCZ/ or QFTi/ method to generate half-
widths for all unique rotational transitions of ozone on the ‘

1982 main gas atlas. Many programs had to be revived for cal-
culating dipole and quadrupole matrix elements. Because ozone
has a relatively small dipole moment the quadrupole-quadrupole
interaction was included in the anisotropic potential. This
addition has to be made to our existing halfwidth programs.

After months of preparing the programs and perform-
ing check runs we were ready to start the ozone calculations.
The molecular constants used in the calculations are listed
in Table I of Appendix B5 and are referenced therein. These
values represent the state-of-the-art at the time of the cal-
culations and in all cases confirmed by several experiments.
The results of the ATC and QFT calculations was to produce N2-
broadened halfwidths 16% low and 02-broadened halfwidths 30%
low compared with experiment.s-ll/ These results agree with
the work of Mandin et allzl who also used up-to-date constants.
They did not agree with the calculations of Tejwani and
Yeunglg/ (TY) and test calculations using the constants from

TY failed to give the same A-type, B-type dependence reported
in reference 13.

Many test calculations were performed, Anderson's
SZ(b)middle term was included explicitly in the calculations,
all avenues in the calculations double checked and the results
remained the same, too low.

It was decided to improve the theory rather than
scale the results to match experiment. In this vein several
suggestions for improving impact theory were made, these are
listed in Table 6. The use of velocity integration applies
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I: Use theory directly, scale final answers

II: 1) Curved Trajectories

. 2) Velocity Integration

Taag ¥

3) Exponential Cut-0ff Criterion

-
">

4) Higher Order Multipole Interations

'

Pkl 4l

Table 6. Suggestions to Improve Impact Theory

BN

13

‘Q" ny u.ﬁ..o " \"f'.'fﬁ" . % 5 o, ('%f‘..:.'g'.. '\-‘_.-'\-‘.‘ _;".:.";.‘A‘;_l': ‘-:‘v.-.'. :_-“. ALY '_._' . '_\-."- A ‘..:_\‘:_. '...; .-;_.’:‘. W ."_.:< O .."' .:




WP e R myap— Al aje R DA s Jaae A e e Sinc - An o

DL A N S D4

only to ATC theory since QFT contains the velocity average ex-
Plicitly. The results of the velocity integration for ATC are
in Table 7. Two schemes for doing the integration are pre-
sented and both give roughly the same values. The effect of
velocity integration is to lower the halfwidths an additional
7% thus ATC is now low by 23% (Nz-broadening) compared with

experiment.

Another suggestion to improve the theory was to use
a cutoff free impact approach. In the usual ATC approach when
the impact parameter becomes small the interruption function
S(b,v) attains unphysically large values. After much hand-
waving, the argument is made that once S(b,v) = 1 from that
ﬁ point inward s = 1 and this cutoff point is called by. This
leads to the formula
- o
y(m™') = B (ab2 + [ 27 b db S(b)) (1)
bg
where N is the perturber density, Vv the mean relative thermal
velocity and S(b) the interruption function. Several authors
have succeeded in eliminating the cutoff point from the
theory. Murphy and Boggsii/ developed a method that used an

exponential expansion of the collision matrix elements for

X all values of b. Cattanilﬁ/ combined the Murphy-Boggs expan-
- sion with the ATC formalism. Salesky and Korfflﬁ/ have given

the first rigorous derivation of the cutoff free theory. In
their formalism they use a linked-cluster expansion theorem
for degenerate states to obtain a form for the interruption
function in which the dependence on the interaction potential
is exponential. Independently Robert and Bonamyll/ have de-
veloped a similar formulation although a derivation is not
given in their work.

In the method the perturbation operator is given by

¢if =nv 0, =NV (oR + i ai) (2)

------------------------------------------
. A%
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where

o, 2rvb db S(b). (3)

o'“— 8

The interruption function given in eq. (3) is de-
rived via the linked cluster theorem and is given by

_ . . outer outer middle
S(b) = 1 - expi{- id; + iAp - 5,0 - Sof - s,

+ ... higher order interactions}, (%)

where Ai and bg are the first order phase shifts in the usual

outer outer middle
ATC theory and the 851 s Syf s By

ond order terms from ATC theory. So we see that in this

are the usual sec-~

theory the interruption function is given as 1 minus the ex-
ponential of the phase shifts and interruption functions
(small f(k)) from conventional ATC theory. In this formula-
tion S(b) is well behaved at all values of the impact param-
eter so no cutoff procedure is needed, eq. (3) is simply inte-
grated from 0 to =,

For our problem we can write eq. (4) as

S(b) = 1 - expl{- 1499 o 3499 | g4a - 14

_ <19
outer outer smiddle}’(S)

where Adq is the total shift (imaginary part of the interrup-
tion function evaluated by f(k) functions) due to the dipole-

quadrupole (d-q) interaction A99 is the total shift due to the
dq 14
outer, “outer
and sggddle are the real part of the interruption function

quadrupole-quadrupole (q-q) interaction, and s

evaluated by f(k) resonance functions for the d-q and q-q
outer terms and the g-q middle terms. If we group real and
imaginary terms together we get

s(b) = 1 - exp{- iA - s} (6)
which can be rewritten as

S(b) = 1 - cos A exp(-s) + i sin A exp(- s). (7)

16
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The pressure induced shift and pressure broadened line width
for the linked cluster approach can be written as

Aw(em™!/atm) = %;% I p; [ sin(a) exp(- s) 2mb db (8)
J2 20
and
y(em™!/atm) = g;% ! p; [ [1 - cos(A) exp(- s)] 2nb db. (9)
J 20
2

In general we expect the halfwidth calculated using eq. (9) to
be somewhat smaller than the corresponding value from ATC or
QFT theory. This is easily understood by viewing Figure 1 in
which the interruption functions from the ATC and linked-
cluster (L-C) approaches are plotted vs. the impact param-
eter. The ATC curve comes in from large b smoothly to a point
where S(b) = 1 where it is cut off and assumed equal to one
from the cutoff point to zero. The L-C curve, however, is
continuous from zero to infinity and smoothly goes from 1 at
the origin to zero at infinity.

Test calculations were performed on ten Vg transi-
tions via the linked-cluster theorem approach. In the expo-
nential conventional ATC interruption functions are used and
in Table 8 the results are compared with ATC results. Also
present in the table are the calculated line shifts. As ex-
pected the linked-~cluster approach gives halfwidths smaller
than the usual ATC results. The most striking feature of the
table is the fluctuation of the shift for the various methods.
If shift measurements were available for this system we could
better evaluate the methods.

The next attempt to improve the theory was based on
the use of approximate trajectories to better represent actual
trajectories. The hope here was that more correct dynamics
would affect the calculations near the distance of closest

17
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Figure 1. Comparison of Interruptiocn Functions from ATC and

Cutoff Free Theory .(a) Cutoff Free Theory (b) ATC Theory

18

.
(S A Yl | .

PR St WS TP R e e
Y ll.'.ﬁ‘\q. \"" o o™

(L CRCNRS L S R




o TR W

; Conventional

g: Linked Cluster ATC

B Transition Width Shift | Width (%) Shift

. 94 6 104 7] .05713 .00774 | .05987 (4.6) .00936 (17.5)

% 12 7 5 13 7 6] .05556 .00760 | .05827 (4.7) .00921 (17.5)

y 10 4 6 11 4 7} .05728 .00785 {.05999 (u,5) ,00951 (17.7)
11 2 10 12 2 11| .06125 .00686 | .06522 (6.1) .00798 (14.0)

; 12 4 8 13 4 91 .05746 .00804 | .06007 (u4.3) .00980 (18.0)

5 17 9 9 18 9 10| .05u485 .00759 | .057u6 (4.5) .00917 (17.2)

E 12 0 12 13 0 13| .06322 .00606 | .06789 (6.9) .00690 (12.2)

5 18 9 9 19 9 10| .05480 .00765 | .05734 (4.u4) .00928 (17.6)

) 13 4 10 14 4 11| .05747 .00810 | .00604 (4.3) .00991 (18.3)

g Table 8. Comparison of Linked Cluster Results with

N Conventional ATC Results. Percent Difference in

.

* Brackets (ATC-LC)/ATC, Units are cm !/atm.
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approach, giving more reasonable results. The properties we
have been studying arise because of collisions between the
molecule in question and some perturbing gas molecule. In
order to fully understand these properties the exact dynamics
of the molecular motions has to be determined. This is much
too difficult to do generally, so approximations must be made.
The first assumption made is the so called "impact" approxi-
mation thus we are dealing with uncorrelated two-body colli-
sions. Next it is assumed that the kinetic energies are large
enough so that classical mechanics can be used to describe the
motion of the centers of gravity of the colliding particles.
This limits the exchange of energy between kinetic and in-
ternal degrees of freedom to a very small fraction of the
kinetic energy. In what follows it is assumed the main inter-
action between the two colliding particles can be described by
an isotropic potential, ¢(r), so that the trajectories will be

planar.

For the problem of the width or shift of a speciral
line one has to consider the time evolution of the perturba-
tion potential VIr(t), Q(t)], which is obtained from the co-
ordinates of the centers of gravity of the colliding particles
as a function of time. Generally one works with the spectral
power density of the perturbation

PCw) = | [vIr(t), a(t) e ¢T at|z, (10)

From the equations of motion of classical mechanics r(t),

Q(t) is obtained for each trajectory, labeled by its initial
relative velocity v and the impact parameter b. The overall
effect of collisions is then obtained by taking a proper aver-
age of pbv(m) for all possible trajectories. This is given

by integrals of the form

2

v
P(w) = A [ 2nb db [ v® dv e %ET.pb V(@) (11)
9
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with A being a normalization factor. Here p is the reduced
mass of the system and kT the thermal energy. Often the cor-
relation function of the perturbation is considered

. *

) Clt) = <Vlr(t), Q)] V [r(t+1), Q(t+1)]1> (12)
I‘ )

'\ which is simply the Fourier transform of P(w).

‘

b - With the assumption of an isotropic potential é(r),

- the dynamics of the collision are understood in terms of plane
- trajectories that .are determined by the impact parameter b and
3 the initial relative velocity v (or the total energy of the

motion E = %»u vZ). The equations of motion are given in
polar coordinates as

8

bv/r? (13)

b2 ¢(r)
VV}I - r—z - T——o (1”’)

r
The distance of closest approach rc(b,E) is obtained from the

equation (which is a statement of conservation of energy)

b2 o(r) _
l - (=) - -+ 0

: - . (15)
3y r

The potential ¢ in general contains both an attractive and a

N repulsive term and equation (15) may have several solutions.
- Here only the largest is retained, thereby discarding trajec-
h“ [

? tories corresponding to stable or metastable bound states.

In the work we have done and in most other work a Lennard-
Jones potential has been chosen

12 6
o(r) = 4e [(D) - (D 1. (16)

The above equations can be solved by expanding r
and 6 in a time series and then doing the integrals numeri-

0 cally. However, most work has been done by approximations to
the dynamics.
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,é In the theory of Anderson-Tsao—CurnutteZ/ and Davies
’ QFT methodif straight line trajectories were used, i.e.
~ r(t) = /b? + v2t?; 6(t) = Arc tan (%E). (17)
; As we have seen this leads to halfwidths some 25-35% too low.
Ik The correction we made was to use bent trajectories determined )
ot by the method of Tipping and Herman.lg/ The method actually
< uses linear trajectories with constant velocities chosen to
24 give values of 8 and r exact to first order in t, i.e.
-— . = - . - _ = _ _ ° - b—v
N r(t) = r,+ v twithv, = r(t=0) so that Vo T Py 8(0) = T
- (18)
N
Thus r(t) = /r 2 + (v_t)? and 8(t) = Arc sin (v_t/r)).  (19)
This replaces b,v in eq. (11) with the actual distance of
closest approach r, and the relative velocity Ve determined
above,
- .
-2 Bonamy et allg/ along similar lines have incorpor-
_f ated linear trajectories with constant velocity where the
% velocity is chosen to yield proper time dependence to second
- order in t
3 FCt) = F 4 o 5 : 5
N r(t) r, + vit r, perpendicular to v/ (20)
= with
f; r(t) = /fcz + (vét)z,
:.' r
Ly ' - c (d
g vl = v, - =g (21)
’ r
. [ o]
-
°
2 and
A
’ 8(t) = arc sin [vct/r(t)].
Q
~
Y
-
o
)
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20/

Gersten—" has formulated the problem in terms of
actual parabolic trajectories. All three approximations are
21/

discussed in the work of Berard and Lallemand.=—

Both the first-order-in-time (Tippinglg/) and second-
order-in-time (Bonamyigl) trajectory methods were tested alons
with the first-order-in-time resonance functions in the cutoff
free approach. The results for the conventional calculations,
first~order-in-time dynamics, second-order-in-time dvnamics
and cutoff free first-order-in-time dynamics is listed in
Table 9. The results of the calculations indicated the QFT
calculations with dynamics correct to first-order-in-time give
the most acceptable results and this method, henceforth called
QFT-ID (Improved Dynamics), was used to generate the transi-
tion dependent halfwidths. A complete derivation of the QFT-ID
method and comparison with experimentally determined half-
widths is given in Appendix B5. The results of the calcula-
tions for the unique rotational transitions of ozone present
on the AFGL atlas are in Appendix B6.
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e Table 8. Comparison of Halfwidths Calculated by Various
X Theories with Experiment, N2-Broadening of Ozone
e LCY =Y theo? |
N Theory ave exp __theo , 100
A Yexp
Conventional ATC, QFT 24 i
First Order in Time ATC 13
First Order in Time QFT 6
Second Order in Time QFT 8
Conventional Cutoff Free Theory 29
N First Order in Time Cutoff Free Theory 9
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3.0 HALFWIDTH CALCULATIONS FOR H20

The success of the QFT-ID calculations on pressure
broadening of ozone transitions encouraged us to apply the
method to other systems. The programs were developed for
ozone (an asymmetric rotor) and should be applicable to other
asymmetric rotor molecules. The obvious choice was HQO for
which we have previously done QFT calculations (see Appendix
B3). The molecular constants of H20 used in these calcula-
tions are given in Table 10 for the Hamiltonian constants for
the ground and v, states and Table 11 for the dipole moment
expansion coefficient for the same bands. The QFT-ID scaling
factor was adjusted by the same method used for ozone (see
Appendix B4), i.e. a fit to four halfwidths of H,0 calculated
by velocity averaged ATC method. Note here the transitions
chosen posed no cutoff problems which are still a problem for
H20. The final value was a = 2,50 for the QFT-ID method. To
test the method fourteen transitions were selected that were
experimentally studied and previously studied by the QFT
method by Davies and 011.32/ The results of the comparison
are given in Table 12 as one can see the QFT-ID calculations
agree with experiment to 7.7% (note this is an average of
absolute percent differences thus there is no cancellation)
whereas the QFT method gives 12.2, QFT-ID gives roughly 5%
better agreement.

The QFT-ID method was later used to generate N2-
and 02-broadened halfwidths as discussed below.
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Constant

000
100
010
001
200
110
020
101
011
002
300
210
120
030
201
111
021
102

== - - - - - - - - = A~ = = N~ A~ A~

b= 2= - B = 4

. T

.
e A e T e TR

and v, States of H2"0

Ground State v, State
0. 1594.7475
1.1899588833 EO1 1.1903701 EOC1
1.5980993262 EO1 1.9215062 EO1
2.6218069272 EO0O 2.7778759 EO00
-1.2472229831 E-03 -1.3542093 E-03
5.7960538326 E-03 7.9231928 E-03
-3.2529699250 E-02 -5.7970224 E-02
-1,0110281073 E-03 -1.1451653 E-03
-1.2924135019 E-03 -~-3.8323087 E-03
0. 0.
4,6949813817 E-07 5.0656451 E-07
~2.1187178761 E-06 2.2175297 E-06
-1.6424049553 E-05 -4,6466869 E-05
1.3083972929 E-0u4 3.6913932 E-0u4
4,7048756677 E-07 5.7151085 E-07
-9.4533643844 E-07 1.3132987 E-06
2.8398803330 E-05 7.8156063 E-0u4
0. 0.
0. 0.
0. 0.
~9.4685485615 E-07 ~2.4769822 E-05
1.6740040972 E-07 2.2049512 E-08
-3.7603344716 E-08 -1.7451411 E-09
2.0720390182 E-09 0.
7.7093370616 E-09 1.7069358 E-08
-1.5062807928 E-10 -4,3939773 E-09
0. 1.8593616 E-08
0. 0.
-5.9621206910 E-11 -5.1256347 E-11
26
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Table 10 (Continued)

/ Constant Ground State v, State
hygg 0. | 0.

| houo 0. 0.

b . has0 0. 0.

; hy70 3.0462960460 E-13 7.4777605 E-1u4

¢ hygo -8.5116601707 E-16 -3.3050319 E-18

: hogo 9.7985872525 E-19 7.5951676 E-20
hysq -2.1857012815 E-07 -1.9073085 E-07

: hypy 3.9741624543 E-09 0.
hy1q 1.6261468128 E-09 8.5469196 E-10
h301 -5.0801820008 E-12 -1.2063848 E-10
hoyq 4.6413035022 E-10 7.8925603 E-10

;
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Table 11. Molecular Constants for HZ“O
Q (Ground State) = 7.715 x 10"2% esu cm?

(Stogryn and Stogryn definition)

' Dipole Moment Expansion Coefficients in 1¥ Representation

Ground State PHI (%) PHI(y) PHI(z)

u ~1.85371 0. 0. 3
X 0. 0. 0. !
Y 0. 0. 0.

Z 0. 0. 0.

XX 1.06499 E-Ou 0. 0.

YY -3.34247 E-06 0. 0.

22 -4,.05110 E-Ou 0. 0.

XY 0. 8.77629 E~05 0.

YZ 0. 0. 0.

ZX 0. g. -5.42499 E-05

v, or (010)

o -1.82059 0. 0.

X 0. 0. 0.

Y 0. 0. 2.269535 E-19
Z 0. 0. 0.

XX 1.06312 E-O4 0. 0.

YY -3.10996 E-06 0. 0.

72 -4.,05142 E-Qu 0. 0.

XY 0. 1.08999 E-06 0.

YZ 0. 0. 0.

ZX 0. . -7.54910 E-05
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Table 12. Comparison of QFT, QFT-ID and Exp Halfwidth of H2)
Qrr22/ QFT-1D
Transition a = 2.79 % Dif.? Exp? $ Dif. « = 2.50
5,4%6, 5 0.1005 3.4  0.104 (300K) 9.0 0.09466
2,43, 3 0.10629 -11.9  0.095 - 4.0 0.09877
4.2 0.111 11.0
4.2 0.111 11.0
3, %%, 0.10u43 1.1 0.10556" 7.8  0.09736
5,45+ 65, 0.07148  19.6 0.0889" 7.9 0.08187
5 ,,% 6, ¢ 0.0798%  20.2 0.100" 17.4  0.08257
6 4,% 7 gy 0.07043 s.u 0.07778" - 6.1 0.08254
644575, 0.08464 - 8.8 0.07778" - 9.7  0.08534
6, %75, 0.07132 19.8 0.08889" 4.4 0.08497
6,67y 3 0.08137  26.7 0.1111" 19.8  0.0893y
7468, 0.06772 12,9 0.07778" - 4.6  0.081395
74,%8 5 0.08865  1l.u 1.000" 12.3  0.08771
7,6+ 855 0.06551  15.8 0.07778" - 7.6 0.08369
7, ,%8,, 0.08119 8.7 0.08889" 2.3 0.0863L
8,5+ 95 0.08081 9.1 0.08889 - 0.3 0.08915
Average Absolute % Dif. 12.2 7.7
a. % Dif. = (EX ;galc) x 100
b. See references within Ref. 22,
* Scaled to nitrogen-broadening, see Ref. 22,
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4.0 SECOND ORDER PERTURBATIVE APPROACHES TO COLLISIONAL
BROADENING AND PRESSURE SHIFTS

In all of the calculations previously discussed in
addition to calculating the halfwidths of transitions the
pressure shifts were evaluated as well. The results were not
presented or discussed mostly due to the lack of experimental
measurements to compare with. For ozone we know of no such
measurements, for water there are eight transitions studied
by Eng,zif seven measurements for air perturbing HZO and two

for N2 as the perturbing gas.

A problem with using halfwidth measurements to test
the theories is that some 60 to 85% of the calculated half-
width comes from a region where the interruption function
can not be conveniently summed. The line shift on the other
hand does not suffer this malady making it a better gauge to
test the theories. One drawback of this is that the experi-
mental measurements are difficult to perform and the quality
of the results are in question.

The eight transitions have been studied by the vari-
ous theories of pressure broadening discussed below. The two
general methods of a second order perturbation theory approach,
ATCZ/ and QFTE/ were used. For each of these, we applied the
usual cutoff in the interruption function and also applied the
cutoff free theory given by the linked cluster theorem. For
each of these two methods, we used classical trajectories and
non-linear trajectories (Tipping and Herman modellg/). This
gives eight different theoretical approaches to compare with
Eng's results. Two of the experimental shifts were in total
disagreement with all eight theories and are dropped from this
discussion. Our calculations were for N, as the perturbing
gas. To compare to experiment, Eng's air results were scaled

to N2 values by using the ratio of Aair to AN2 from the

30
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15 1 15 + 16 0 16 transition for which Eng reports an air and
N2 value for the shift. Eng's results are given in Table 13.

In Table 13 the results from the theories are re-
ported. Given in the table is the calculated line shift in
(cm™'/atm) and in parenthesis the percent differeace from ex-
periment. Several conclusions can be drawn from the table.

. The first and most important is the comparison of QFT with
ATC. We find in all cases the QFT results superior to ATC,
this is due in part to the more correct nature of QFT (i.e.
fully quantum mechanical, conservation of momentum in colli-
sions, etc.). Looking at the QfT results, we find that for
most transitions the more realistic bent trajectories gives
an improvement in the results. We note the effect of apply-
ing the linked cluster theory to produce a cutoff free theory
yields smaller shifts in all cases (just as it yields smaller
halfwidths). The conclusion that results from the table is
that the QFT method with more realistic trajectories gives
the best agreement with experimental shifts, This conclusion
was also borne out from our results on halfwidths of ozone.

More recently Dr. J. Johns of the Herzberg Institute
of Astrophysics has made available shift results for several
lines of the pure rotation spectrum of H,0. A similar type of
analysis was performed testing ten different ways of calculat-
ing the shift. The calculations were done and data was ex-
changed with Dr. Johns during a meeting with him at the 39th
Molecular Spectroscopy Symposium at Ohio State University.

The results supplied to us are given in Table 14 and the cal-
culations given in Table 15. The overall agreement from any
one particular method is not apparent, this is not too sur-
prising due to the sensitivity of shift measurements and cal-
culations. Also after discussions with Dr. Johns it was re-
vealed that the spectra from which the shift values were ob-
tained were uncalibrated and the low pressure lines were low

by a few x 107% em™!. From further questioning we found it

31
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3 Transition Position cm™?
. Upper Lower Low Pressure 500 Ton N, Av (cm™')
i ll39 10010 580.533 580.5u40 +0,007
)
. 1239 11210 580.729 580.724 -0.005
% qu 835 581.085 581.088 +0.003
584,124 584,127 +0.003
1258 1129 584,705 584,723 +0.018
% 585.726 585,715 -0.011
i Ssu 827 591.694 591,705 +0,011
'l
; 1065 936 592.051 592,064 +0.013
862 735 594,945 594,946 +0.001
12u9 11110 600.100 600.111 +0,.011
Qu5 818 616.070 616.077 +0.007
’
- 953 838 625.265 625.268 +0.003
5
3NOTE: Measurements from an uncalibrated spectrum
E .*. Low pressure lines are low by a few x 1073}
- Table 14. H20 Pressure Shifts, Pure Rotation Spectrum
2 from J. Johns, Herzberg Institute of Astrophysics
; NRCC, 19842
N
Y
LN
'.
s
S
N
n
%
.
I.
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was impossible to numerically fix what a few was without re-
peating the experiment to give calibrated spectra.

From these discussions it was concluded that the re-
sults were probably good for determining the direct of the
shift except for the small shift values for which the uncer-
tainty in the low pressure lines makes these shifts of limited

value.
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5.0 TEMPERATURE DEPENDENCE OF THE HALFWIDTH AND SHIFT

ol a2

N2- AND 02-BROADENING OF OZONE

> e
>y |

In order to use the halfwidths calculated for ozone

LN

for atmospheric applications, the temperature dependence of
the halfwidth must be understood as well as the halfwidth at
" a given temperature. Here we are concerned with the molecule

of)

ozone which has a very rich spectrum and is known to play an

- important role in the temperature regulation of the lower atmo-
. sphere, air chemical cycles, and climate and which must be well
determined in order to extract information on trace atmospheric

constituents in the far IR.zi/

DO

Ly 2y

Some experimental results exist for the temperature
dependence of the broadening coefficient of ozone, although

25/

they are limited. Barbe et al~—" have reported an average

.
ala e

0
a s

_ temperature exponent of n = 1.3 for six oxygen-broadened lines
- of ozone. Comont and Monnanteuilgﬁl have reported the temper-
ature exponent in the range 240-293K for the 96 282,34 MHz
line of ozone (2 « 2 ) for self-, N,, O0,, and air-

11 0 2 2 2;/
broadening. More recently Connor and Radford=—" have studied
pressure-broadening of the 110.8 GHz line of ozone (6 15 *
6 0 6) for the foreign gases N2 and 02. Considering a temper-

ature range from 200-300K the temperature exponents for N

J:‘.‘J}JI

2’
O2 and air-broadening were determined.

LN ‘4"..[' ey

In the theoretical work of Tejwani and Yeungli/ the

halfwidth was calculated via the ATC method at two tempera-
tures for a limited number of transitions to address the tem-
perature dependence. They report an average temperature ex-
ponent for A- and B-type transitions of n = 0.68 and 0.73 re-
spectively, The ATC calculations of reference (12) investi-
gate the temperature dependence of several lines. There are
large variations in the experimental and theoretical results
for the temperature dependence that are not likely due to a
variation with rotational quantum numbers and must be explained.

[
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In order to address these questions we have calcu-
lated N2- and 0,~broadened halfwidths over a wide range of
temperatures of stratospheric and theoretical interest for a
fair number of transitions of ozone. From the results the
temperature dependence of the halfwidths have been calculated
and are discussed below.

By evaluating the halfwidth at a series of tempera-
tures the variation with temperature can be determined in
terms of a particular model. To see this we consider the form
of the halfwidth (note, here we work in terms of constant den-
sity, not constant pressure) which is the density times the
velocity times the optical cross-section, i.e.

Y(T) = p(T)ev(T)+o(T). (22)

The temperature dependence of the density (n, (3%3)) and the

velocity ((BkT/nu)l/z) are known. The temperature dependence
of the optical cross-section has been rigorously determined
for the case of CO perturbed by Ar or szﬁ/ by expanding the
optical cross-section in terms of the various interactions in-
volved and studying the temperature dependence of these terms.
The usual approach, and the one adopted here, is to take the
temperature dependence of the optical cross-section as T to a
power m, i.e. o(T) = " 0y where o, is independent of tempera-
ture. With this approximation and the known dependence of the
density and velocity, the halfwidth from equation (22) is con-
sidered at two temperatures, Tl and T,, and the ratio is taken
to give

Y(T;)  ng €273/7) (kT /m) Y2 1.™ o -1/2 gpom

1
= = (_) ( ) . (23)
Y{T,) ng (283/T2)(8kT2/ﬂu)I777T2m o T,

By setting - n = - 1/2 + m we arrive at the usual formula

- -n
' Y(Tl) = Y(Tz) (Tl/TZ) . (2u)
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Thus the temperature dependence of the halfwidth is contained
in the value of n. To determine the temperature exponent the
halfwidth is evaluated at a number of temperatures and a plot
(linear regression) of the set of points 1ln (T2/T1) vs.

In (Y(Tl)ly(Tz)) yields a straight line of slope = n. Fur-
thermore the correlation of the fit of the points to a straight
line relates to the validity of the assumed temperature denend-
ence of the optical cross-section, i.e. the closer the corre-

‘lation coefficient is to |1.] the better the assumption.

By analogous arguments the temperature dependence of
the line shift can be evaluated by considering the imaginary
part of the optical cross-section, however, here the sign of
the cross-section must also be considered, i.e.

ACT) = p(T) v(T) S(T) Im o(T) (25)

where S is the sign of the imaginaryv part of the cross-section
at the temperature T and all other terms have the same meaning
as before. The temperature dependence assuming the same form
for o(T) as before is given by

-1/2 m

-n
A(Ty) _ S(Ty) (;i) . Zlaz - ,:.gl_;. (;i) . (26)
8TT,Y - 5TT,) 2 T, ° 2 2

The reason the sign had to be included was in order to take
the log of Eq. (26) to give

S<T2) A(T,)

1
1 2

T
gn { } = «-n 2n {TFJ (27)
2
which is well behaved (i.e. the log of a negative number is
not encountered). Note, to use equation (27) we must give the
sign of the shift with respect to temperature as well as n.

Caution must be exercised when applying equation
(27) to shift results. In particular we have found that when
the shift is very small the calculations are sometimes not
very accurate and can have incorrect signs, the same is true

-
'a".ﬁl
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for experiment. Applying equation (27) to such results can
give meaningless values for the temperature coefficient n,
however, this should be reflected in the correlation coeffi-
cients. For larger shifts, the more reliable the calculations
and experiments, although the magnitude is still in question
the signs are usually correct. From the results obtained

. here, only linear regressions with correlation coefficients
greater than 0.95 are retained. As expected the transitions
removed by this criterion all had very small values for the
line shift.

The nitrogen-broadened calculations were done at a
total of seven temperatures. The temperatures are 200.0,
216.6, 245.0, 275.0, 296.0, 350.0 and 500.0 and were partially
selected from a temperature profile of the U.S. Standard Atmo-
sphere. The temperature dependence of the halfwidth and shift
was evaluated as a function of J" and type of transition (AJ,
8K ) up to J" = 35. The 125 transitions studies include tran-
sitions of stratospheric importance when accurate T-dependence

is desired.

The results for the temperature dependence of the
halfwidth are in Table 16. Listed are the rotational quantum
numbers of the transition, the temperature exponent n and the
value of the correlation coefficient to show the validity of
equation (24), note here the correlation coefficients are
equal to one to three places after the decimal. In Figure 2,
the temperature coefficient n is plotted vs. the lower state
rotational quantum number, there appears to be no strong de-~
pendence in the temperature coefficient on the rotational
quantum numbers or on the type of transition. The average n
value for the 125 lines was n = 0,77 with a standard deviation
of 0.036, the value of n for different transitions fluctuates
+6% about this average value.

The results for the temperature coefficient of the
Nz-induced line shift are presented in Table 17. The criter-
ion of the correlation being greater than 0.95 was enforced on

39
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Table 16. Temperature Exponent and Correlation of Fit

for 0,4 Halfwidths Broadened by N, Calculated by

QFT-ID Method

Transition n

21
28
33
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Table 16, (Continued)
Transition n r
; 11 28 12 7 6 .81 1.00
' 11 8 3 12 8 4 .81 1.008
' 183 183 g1 11999
11 9 3 12 9 & .81 1.000
- g1 o B 000
) 1111t 1211 2 .79 1.000
< 12 012 13 "2 11 .77 1,000
' g3 B oo
13 0 15 14 0 14 :; iioog
4 13 7 7 14 7 8 .80 1.000
4 1313 0 1413 1 .77 1.000
; 14 014 15 0 1S .76 1,000
" 14 77 15 8 '8 .80 1.000
" 15 8 8 16 7 9 .80 1,000
/ 15 313 1a 218 g 11009
18 1 1; i8 & §4 279 1.000
1812 6 1914 S .77 1,000
AP LT 7 Lo
S 958 21 121 75 1.000
2 20 218 20 4 17 .77 1.000
20 416 20 6 15 .79 1.000
" 20 614 20 813 .80 1.000
20 B 12 20 10 11 . 1.000
20 10 10 20 12 9 .79 1.000
. 2012 8 2013 7 .77 1.000
. 2014 6 20 14 7 .76 1.000
~ mig s 2l S 2 a0
21 818 21 813 .80 1.000
21 71S 21 912 .80 1.000
22 1211 22 12 10 .78 1.000
2215 7 2315 8 .75 1.000
| 23 221 23 420 .77 1.000
X 23 10 14 24 11 13 .79 1.000
: 28 618 25 6 13 .80 1.000
. 25 323 26 224 .76 1.000
. 25 20 1s 25 f° s .;g {'888
53 3 18 59 % 5? .80 1.000
2 27 820 28 7 2% .80 1.000
- e ey 80 11009
- o L
X 28 2 53 9 4 76 .79 1.000
29 228 30 327 .76 1.000
2315 Bad oo
.Bo -
N 3 8 %3 1 6 %s .80 1.000
: 32 828 3210 23 .80 1.000
2358 35 0 o
3 529 3% 9 53 ng 1.000
3¢ 034 35 033 .79 1.000
24 1321 34 14 20 .77 1.000
35 432 35 sa .80 1.000
<
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03-N2 System.

INDEX

Temperature Exponent vs. Lower State Rotational Quantum State Index
(I"@" + 1) + K" - K" + 1) or J".

Figure 2.
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" Table 17. Temperature Dependence of the Shift, 03-N2 System,

e QFT-ID Calculations
d
v
. Transition n? aP TC rd
® 20 2 21 1 3.66 .00063 - 0.993
4 0 4 4 1 3 2.32 .00071 - 0.998
11 1 11 o0 1.23 .00013 - 1.000
. 20 2 22 1 1.93 .00182 - 1.000
' 22 0 32 1 0.u45 .00009 - 0.978
. 31 3 4y 3 2 1.18 .00008 - 0.999
2 50 5 6 0 6 1.558 -.00008 - 0.997
51 u 61 5 0.58 -.00008 - 0.9u46
54 1 6 4 2 0.92 -.00007 - 0.999
61 5 6 3 4 1.20 .00111 - 0.988
- 70 7 82 6 1.60 -.00156 - 1.000
- 80 8 83 5 1.35 00174 - 0.999
" 103 7 10 S5 6 2.52 -.00042 750 0.964
11 0 11 11 2 10 1.30 -.00101 - 0.999
11 0 11 12 0 12 1.87 -.0000u4 - 0.999
11110 113 9 1.11 -.00076 - 0.98u
g 11110 12 1 11 0.u7 -.00004 - 0.997
- 11111 113 8 1.09 .00176 - 0.998
: 11111 11 4 8 0.94 . 00167 - 0.996
. 11 1 11 12 1 12 1.581 .00002 . 1000 0.999
- 113 8 11 5 7 2.45 .00038 750 0.965
o 113 9 11 5 6 2.27 -.00035 750 0.961
.- 114 8 11 6 5 1.75 -.00052 - 0.988
‘ 115 7 117 & .99 -.00047 - 0.955
12 0 12 13 2 11 1.25 . 00131 - 1.000
13 0 13 14 O 14 2.40 -.00003 - 0.999
16 511 17 7 0O 1.21 -.00037 - 0.981
201 20 211 21 1.59 -.00004 - 0.998
20 4 16 20 6 15 1.55 -.00016 - 0.980
20 20 0 20 20 1 1.16 .00017 - 0.977
23 2 21 23 4 20 2.46 .00042 750 0.955
25 3 23 26 2 24 2.79 .000u5 - 0.988
28 6 23 29 4 26 2.12 00020 - 0.995
29 2 28 30 3 27 1.04 .00153 - 0.999
32 9 23 33 9 24 1.07 .00002 500 0.976
35 4 32 35 5 31 1.56 -.00029 - 0.992

a. n = temperature exponent
line shift at 296°K cm™!/atm

; c. T = temperature °K at which shift changes sign from sign
y at 296°K, - indicates sign does not change over the
range studied (200° - 1000°K)

o
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d. r = correlation coefficient of fit
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~the 125 transitions to produce Table 17. Listed are the rota-

tional quantum numbers, the temperature exponent, the line
shift at 296°K, the temperature at which the sign changes and
the correlation coefficient. One can see the line shift
changes more with temperature than the halfwidth and the tem-
perature exponents have much greater spread.

Preliminary 02-broadening calculations were done
using the QFT-ID method, however, cutoff problems occurred
due to the small quadrupole moment of 02. Only ten transi-
tions were studied here in an attempt to compare with experi-
mental measurements.zéizﬁlzgl Because of the cutoff problems,
a second set of QFT-ID calculations were performed with a very
low cutoff, to do this in the QFT-ID formalism below ¢ (Len-
nard-Jones) we use the relationship b = r,. The thought here
was that since we are studying the temperature dependence of
the optical cross-section in a sense we do not wish to cutoff
in the calculation of the cross-section. By allowing the cal-
culations to go unusually low we hoped the form of the cross-
section would be correct. The results from these two methods
are in Table 18. There is no way to be certain which set is
better, even though the low cutoff values agree better with

the work of Barbe et al.zg/

To eliminate these cutoff problems, the cluster ex-
pansion method (cutoff free theory) was used to study the
transition of ozone for 02-broadening. The interruption func-
tions (optical cross-sections) were the QFT-ID type, where o
was scaled to match the experimental value of Connorzz/ for
the 6 15 % 6 06 trangé;ion for column three, the experi-
mental values of Barbe——" (column two) and the theoretically
set set (column one). This yields the following values of a,
4.83, 3.70 and 2.99, respectively. The temperature exponent
from these calculations are in Table 19. The agreement with

Connor's resultszl/ improve with the a

4.83 calculations,

however, the theoretical value of a = 2.99 gives the best

agreement with Barbe's valuezi/ of X 1.3,

2
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Table 18. Preliminary Temperature Exponents for 03-02 System

Lo -2 S a1

by QFT-ID Method with Different Cutoffs

Temperature Exponen

t

- -

b0 = o(Lennard-Jones)

Transition = 3.23 x 10"°® cm by = 1.75 x 107°® cm
20 2 21 1 0.81 1.07
26 1 25 25 1 24 0.89 1.06
25 5 21 24 5 20 0.87 1.10
24 7 17 23 7 16 0.92 1.10
25 4 22 24 4 21 0.90 1.10
26 0 26 25 0 25 1.02 1.02
25 3 23 24 3 22 0.91 1.06
55 1 65 2 0.93 1.08
103 7 105 6 0.90 1.07
158 8 16 7 9 0.81 1.17
average 0.90 1.08
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Table 19. Temperature Exponent for OZ-Broadened

Ozone from Cutoff Free Theory

X
O2

QFT Scale Factor

Transition o = 2,99 o = 3.70 a = 4.83
0 6 " 6 1 s 0.91 0.81 0.78
0 4 " ) 1 3 0.91 0.82 0.78
0 2~ 2 1 1 0.91 0.82 0.78
5 21 24 5 20 0.94 0.82 0.75
46
R S S o o o e B R




To summarize, the agreement between theorvy and ex-
periment for the broadening coefficients of ozone is quite

e, bt

satisfactory for N2-broadening; this includes the temperature
dependence of the coefficients. For oxygen broadening, the
situation is not so good and we comment that there is much

A

more work to be done both theoretically and experimentally.
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6.0 HALFWIDTH AND SHIFT CALCULATIONS IN COLLABORATION

WITH OTHER SCIENTIFIC GROUPS

There is a need for accurate halfwidths and shifts
to aid in reducing atmospheric spectroscopic data. During the
course of this contract, many groups have contacted us to re-
quest data for particular transitions of H20 and 0,. Although
producing the data requires additional work, giving the data
to groups who use it immediately benefits us in that the qual-
ity of the data is assessed by laboratory measurements. Be-
low the people who requested the data are listed and the data
and its use given.

Dr. Weslie Traub and Dr. Kelly Chance of the Harvard-
Smithsonian Astrophysical Observatory in Cambridge, Massachu-
setts, requested halfwidths for H20 and 05 to help reduce
balloon spectra. For the requested transitions halfwidths

were calculated and supplied to them, these are listed in
Table 20.

Dr. Curt Rinsland of NASA at Langley requested half-
widths for Vo transitiong of 03 to use to analyze a segment of
stratospheric spectra from 779-781 cm™!
in Table 21.

s the results are given

In Section 4.0 the shift calculations done in collab-
oration with Dr. John Johns of the Hertzburg Institute of
Astrophysics were listed and discussed.

Samuel Gaster, a graduate student of Dr. Charles
Townes, from the University of California at Berkeley re-
quested some 02-broadening of H,0 calculations to compare with
his FTS measurements. Because of cutoff problems the calcula-
tions had to be done by the linked-cluster theorem program.
The results sent to Gaster are listed in Table 22.
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: H,0
Transition Y(Nz) Transition Y(Nz)
3 2 2 1 1 1 0 0.11267 3 3 1 2 2 0 0.10009
Y 6 3 4 6 2 5 .09264 3 3 0 2 2 1  .09977
\ 6 1L 5 6 0 6 .10085 6 2 5 5 1 4 .10294
6 4 2 6 3 3 .10061 6 6 0 6 5 1 .07678
2 6 2 4 5 3 3  .10479 6 6 1 6 5 2  .07601
- 2 2 1 1 11 .11023 4 4 0 5 1 5 .09196
- 5 1 4 4 2 3 .10688 4 3 1 4 0 4 L1044k
. 5 0 5 4% 1 4 .10546 5 4 1 6 1 6 .09159
- 5 4 1 5 3 2 .09578 4 3 2 3 2 1 .10235
g ¥ 4 0 4 3 1 .09000 ¥ 2 2 3 1 3 .11174
X 5 1 5 4 0 4  .1064 5 3 2 5 0 5  .10389
4 o4 1 4 3 2 .09115 5 3 3 4 2 2 .10442
3 6 2 5 6 1 6  .09477 5§ 5 0 6 2 5  .08584
: S 4 2 5 3 3 .09367 6 3 4 5 2 3 .10558
- 6 4 3 6 3 4 .09064 ¥ 4 1 3 3 0 .08651
. 3 2 2 2 11 .11080 ¥ ¥ 0 3 3 1 .08722
" 6 0 6 5 1 & .09849 5 3 2 4 2 3 .10389
- 6 1 6 5 0 & .10310 5 ¥ 1 5 1 4 .09948
- 6 1 5 S5 2 4  ,10059 4% 4 0 4 1 3  ,09912
” ¥ 2 3 3 1 2 .10945 5 2 3 4 1 4 .11159
5 3 30 3 0 3 .10559
S 03
= Transition Y(Nz) Transition Y(Nz)
i 2116 6 2015 5 0.06460 30 15 15 29 14 16 0.06539
- 28 15 13 27 14 14 .06549 24 16 8 23 15 9 .06483
- 35 14 22 34 13 21 .06414 31 15 17 30 14 16 .06533
v 22 16 6 21 15 7 .06472 25 16 10 24 15 9 .0648Y
s 29 15 15 28 14 14 .06544 32 15 17 31 14 18 .06527
§ 23 16 8 22 15 7 .06479 19 17 3 18 16 2 .06236
N
: Table 20. N2-Broadened Halfwidths for Selected H20 and 0

3

Transitions as Supplied to Smithsonian Astrophysics

- L]
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Transition
g Ka" Ke" J! Ka! Ke! y (em™!/atm)
12 11 1 12 12 0 0.06639
28 8 20 29 21 0.06809
26 8 18 27 9 19 0.06815
32 15 17 31 16 16 0.06460
17 9 9 18 10 8 0.06875
19 9 11 20 10 10 0.06855
24 14 10 23 15 9 0.06566
g 10 10 0 11 11 1 0.06648
2 29 8 22 30 21 0.06806
v 27 8 20 28 19 0.06811
ﬁ 20 9 11 21 10 12 0.06846
- 18 9 9 19 10 10 0.06865
: 30 8 22 31 9 23 0.06805
» 23 14 10 22 15 7 0.06567
11 10 2 12 11 1 0.06770
28 20 29 9 21 0.06809
21 13 22 10 12 0.06837
19 11 20 10 10 0.06855
10 10 0 11 11 1 0.066u8
31 8 24 32 9 23 0.06804
12 10 2 13 11 0.06823
22 14 8 21 15 0.06567
29 22 30 9 21 0.06806
22 13 23 10 14 0.06828
20 11 21 10 12 0.06846
32 24 33 9 25 0.06803
11 10 2 12 11 1 0.06770
Table 21. QFT-ID Results Given to Curtis Rinsland
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Table 22. Halfwidths for OZ-Broadening of H,0 Calculated bv

2
Cutoff Free Theory with QFT-ID Interruption Functions,
Units are cm™!/atm
S Transition Y

0.0611
0.0595
0.057u
0.0574
0.0579
0.0581
0.0574
0.0u8y
0.0474
0.0u56
0.0568
0.0514
0.0u58
0.0594
0.0430
0.0521
0.0582
0.0535
0.0u443
0.0494
0.0426
0.0509
0.0400
0.0u417
0.0578
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Brian Connor, a graduate student of Dr. Alex
Delgarno, at Harvard University Center for Astrophysics con-
tacted us in regard to halfwidths and temperature dependence
of the halfwidth for ozone. Although Brian's actual thesis
work is on LIDAR he needed information on the lines involved
with his LIDAR setup. He did FTS measurements on several
transitions of ozone, to help confirm his measurements he re-
quested QFT-~ID calculations for the halfwidth and temperature
dependence. The results supplied to Brian are given in Table
23,

Dr. Jens Bdsenberg, of the Max-Planck-Institute for
Meteorology, requested pressure shift information in reference
to setting up a differential absorption LIDAR in the 725 mm
wavelength range for atmospheric water vapor studies. Jens
has shown that the neglect of the pressure shift can cause
considerable error in DIAL measurements at some km heights.
The table of pressure shifts from earlier calculations (see
Appendix B3) was sent to him and QFT-ID calculations were done
for the specific lines of interest (see Table 24).
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The 38th Symposium on Molecular Spectroscopy, Paper ME1l3,
June 13, 1983.

The 1983 Workshop on Ozone, AFGL, November 17, 1983.

The 39th Svmposium on Molecular Spectroscopy, Paper MF8,
June 11, 1984,

Quadrennial Ozone Symposium, Halkidiki, Greece,
September 3-7, 1984,
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Al.
THEORETICAL DETERMINATION OF N,-BROADENED HALFWIDTHS OF OZONE

R. R. GAMACHE, R. W. DAVIES, AND L. S. ROTHMAN

For '%03, accurate Nj-broadened halfwidths are difficult tp
obtain for a large number of transitions. Recent measurements
have allowed assigning average air-broadened halfwidths of ozone
for A-type bands, a=0.083 cm '/atm, and for B-type bands, a=0.077
cn ' at 296 K. These messurements, however, were not extensive
enough to give J-dependence of the halhwidths. Theoretical N,-
broadened halfwidths have been determined for a number of v, (i—
type) and v, (B-type) transitions of ozone. The halfwidths have
been evaluated using the Anderson-Tsao-Curnutte theory of colli-
sional broadening and by tge more rigorous Quantum Fourier Trans-
form theory due to Davies.“ In the calculations., contributions to
the halfwidth from dipole-quadrupole interaction and gquadrupole-
quadrupole interaction are considered. Both methods are cowmpared
with experiment. From the study, air-broadened halfwidths will be
Ccalculated for an extensive list of transitions for ozone, and
these will appear on a future AFGL Main Gas Compilation.

1. J. M. Hoell, C.N. Harward, C.H. Bair, and B. S. Williams., Opt.
Eng. 21, 3109(1982).

2. R. W. Davies, Phys Rev.Al2., 927(1975).
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A2. SECOND ORDER PERTURBATION THEORY APPROACHES TO COLLISIONAL
BROADENING OF OZONE

a.8 & )

Robert R. Gamache

University of Lowell

Center for Atmospheric Research
450 Aiken Street

Lowell, MA 01854

Pl R

Richard W. Davies
GTE Laboratories
110 Sylvan Road
Waltham, MA 02254

Laurence S. Rothman

AFGL/OPI
Hanscom AFB, MA 01731

A summary of the various second order perturbation theory
o approaches to collisional broadening of ozone is presented.

1/

The theories include the Anderson-Tsao-Curnutte method,= the

2/ and the linked-cluster ap-

quantum Fourier transform method=
proach for a cutoff free theory.if In addition these methods
.- are generalized to use approximate trajectories which better

- represent actual trajectories. Calculations are done on ozone
perturbed by nitrogen and it is demonstrated that the non-
linear trajectory approaches give much better results than

the classical path methods.

REFERENCES

1. P. W. Anderson, Phys. Rev. 76, 647 (1949); 80, 511 (1950);

C. J. Tsao and B. Curnutte, Jr., J. Quant. §—éctrosc.
Radiat. Transfer 2, 4l (1962).
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2. R. W. Davies, Phys. Rev. Al2, 927 (1975).
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THEORETICAL N,-, O,-, AND AIR-BROADENED HALFWIDTHS OF 1‘0, CALCULATED BY QUANTUM FOURIER
TRANSFORM THEORY WITH REALISTIC COLLISION DYNANMICS. :

R.R.GAMACHE, R.¥V.DAVIES, AND L.S.ROTHMAN

We have evaluated collision broadened halfwidths of ozone with nitrogen and oxygen as
the perturbing gases. Calculations uvsing conventional Anderson theory" or quantum Fourier
transform thgoiy are shown to be some 25 to 35% too low when compared to the experimental
measurements™’ ., We show that it is important to consider more realistic collision dynamics
in the calculations. By replacing the classical path trajectories by non—linear trajectories
with constant velocities chosen to give the equations of motion exact to first order in time
we develop the interruption function in terms of the actual distance of closest approach
determined by the intermolecular potential . This improvement to the theory results in N, -
and O0,- broadened halfwidths which are in good agreement with the experimental measurements.

Air-broadened halfwidths have been evaluated from the nitrogen and oxygen results via
the formula

Yir = 0.79 7N3+ 0.21 70, .

The results agree with the air-broadened measnrements3 to better than 5%.

P.¥W.Anderson, Phys.Rev.76, 647 (1949); 80, 511 (1950).

. R.W . Davies, Phys.Rev.A12, 927 (1975).
C.Meunier, P .Marche, and A.Barbe, J.Mol.Spectrosc.95, 271 (1982).
J .Margolis, J.Ouant.Spectrosc.Radiat.Transfer29, 539 (1983).
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THEORETICAL N,-, 0,-, AND AIR-BROADENED HALFWIDTHS OF 0, CALCULATED BY
QUANTUM FOURIER TRANSFORM THEORY WITH REALISTIC COLLISION DYNAMICS.

R.R.GANACHE, UNIVERSITY OF LOVWELL
R.VW.DAVIES, GTE/SYLVANIA LABORATORY
L.S.ROTHNAN, AIR FORCE GEOPHYSICS LABORATORY

DR. ROBERT GAMACHE

THE CENTER FOR ATMOSPHERIC RESEARCH
UNIVERSITY OF LOWELL RESEARCH FOUNDATION
450 AIKEN STREET,LOWELL,MA 01854 USA

We have evalunated collision broadened halfwidths of ozone with
nitrogen and oxygen as the perturbing gases. Calculations Qusing
conventional Anderson theory™ or quantum Fourier transform theory”“ are
shown to bosszno 25 to 35% too low when compared to the experimental
measurements”’ ., Several improvements to the theory have been tested
including explicit velocity integration, cutoff free theory (linked
cluster theorem), and non-linear trajectories. We show that it is most
important to consider more realistic collision dynamics in the
caslculations. The final calculations employ the the QFT method with
realistic collision dynamics and the resulting halfwidths are in good
agreement with the measurements (within 10%).

Air-broadened halfwidths have been evaluated from the nitrogen and
oxygen results via the formula

Yair = 0.79 7N,+ 0.21 10’ .

The results agree with the air-broadened -nsnrenents3

to better than 5%.

1. P.W.Anderson, Phys.Rev.76, 647 (1949); 80, 511 (1950).

2. R.¥.Davies, Phys.Rev.A12, 927 (1975).

3. C.Meunier, P.Marche, and A.Barbe, J.Mol.Spectrosc.95, 271 (1982).
4. J.Margolis, J.Quant.Spectrosc.Radiat.Transfer29, 539 (1983).
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AFGL trace gas compilation: 1982 version

L. S. Rothman, A. Goldman, J. R. Gillis, R. R. Gamache, H. M. Pickett,

R. L. Poynter, N. Husson, and A. Chedin

The new edition of the AFGL trace gas compilation is described. The latest version provides the necessary
parameters for the computation of absorption or emission spectra of major bands of twenty-one gases in the
region from 0 to 10,000 cm~!, Emphasis on this edition has heen on the addition of numerous millimeter
and submillimeter transitions, the inclusion of bands of significance in upper atmospheric processes, and

strong IR bands of trace constituents

likely to be used for remote detection. The sources for the additions

and modifications of the absorption parameters are summarized.

I. Introduction

Two years have elapsed since the second edition of
the AFGL Trace Gas Compilation.! This compilation
is a data bank of molecular absorption parameters ap-
propriate to a broad spectrum of applications including
calculation of high-resolution transmission and emission
in planetary atmospheres, comparison with laboratory
absorption cell measurements, and remote sensing and
retrieval of profiles in the atmosphere. The Trace Gas
Compilation is an extension to minor terrestrial infrared
active atmospheric absorbers of the main AFGL At-
mospheric Absorption Line Parameters Compilation?
that contains analogous data for the seven most signif-
icant atmospheric absorbers. As with the previous
edition,! several new molecular species have been added
as well as additional bands and updates of the existing
species. The major efforts incorporated into this new
version include pure rotational transitions,? trace ab-
sorbers significant in the far infrared, and sequence
bands of significance in upper atmospheric photo-
chemistry. The new edition now encompasses
twenty-one molecules summarized in Table I. The
parameters and format of the compilation remain as
before, i.e., each transition being cataloged in terms of

L. S. Rothman is with U.S. Air Force Geophysics Laboratory, Op-
tical Physics Division, Hanscom Air Force Base, Massachusetts 01731;
A. Goldman and J. R. Gillis are with University of Denver, Physics
Department, Denver, Colorado 80208; R. R. Gamache is with Uni-
versity of Lowell, Center for Atmospheric Research, Lowell, Massa-
chusetts 01864: H. M. Pickett and R. L. Poynter are with California
Institute of Technology, Jet Propulsion Laboratory, Pasadens, Cal-
ifornia 91109; N. Husson and A. Chedin are with Ecole Polytechnique,
Laboratoire de Météorologie Dynamique, 91128 Palaiseau, France.

Recsived 26 January 1983.
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the resonant frequency in vacuum cm™!, the line in-
tensity in cm~!/molecule cm~2 at 296 K, the air-
broadened halfwidth (HWHM) in em~!/atm, the
lower-state energy in cm™!, the quantum identifications
(vibrational, rotational, electronic level, hyperfine, and
splitting designation if necessary to uniquely specify the
transition), and the entry date, isotope, and molecule
codes. Representative examples of the card image
format of transitions are shown in Table II.

The data presently available on the compilation
(edition of Sept. 1982) are summarized in Table III.
The discussion in Sec. II outlines the additions and
modifications that have been made for this latest edi-
tion. Primary sources are given for the new or modified
parameters on the compilation, and it is requested that
these be referenced when the data are used.

. Discussion of New or Updated Data

The ground 2I1 state of mitric oxide (NO) pure
rotation data from Ref. 3 have replaced the previous
microwave transitions on the atlas. The molecular
constants for NO were determined by fitting the spec-
trum of NO to the fine structure Hamiltonian of Amiot
et al.* along with the hyperfine Hamiltonian of Meerts.?
The observed radio frequency lines used in the fit are
from Ref. 6, and the observed millimeter lines used in
the fit are from Jet Propulsion Laboratory measure-
ments® by Pickett and Cohen. The accuracy of the line
positions is generally better than 0.0005 cm™~!, and the
line intensities are accurate to ~1%. The self-broad-
ened halfwidths of Abels and Shaw? have been added
to the data. Because nitrogen has nuclear spin =1, the
data contain quantum numbers describing the hyper-
fine interaction. To specify these transitions, a branch
letter (P,Q.R) was chosen to indicate the change in
nuclear spin quantum numbers along with the nuclear
spin F” of the lower state. These appear before the
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Table i. Natural isotopic Abundances of Campilation Constituents

Relative T Relative
Molecule Isotope Natural | Molecule Isotope Natural
Abundance | Abundance
NO (8) 46 0.99390 | OCS (19) 622 0.93719
56 0.00369 ] 624 0.04163
48 0.00203 | 632 0.01052
| 822 0.00192
S02 (9) 626 0.94543 |
646 0.04200 |  HyCO(20) 126 0.98622
| 136 0.01107
NO2(10) 646 0.99150 : 128 0.00202
NH3(11) 4111 0.99585 | HOC1(21) 165 0.75337
5111 0.00370 | 167 0.24407
|
HNO3(12) 146 0.98897 { Ny (22) 44 0.99261
OH (13) 61 0.99744 | HCN (23) 124 0.98509
8l 0.00204 | 134 0.01106
62 0.00015 : 125 0.00366
HF (14) 19 0.99985 | CH3Cl(24) 215 0.74658
| 217 0.24187
HC1 (15) 15 0.75519 { :
17 0.24466 { Hy05(25) 1661 0.99489
HBr (16) 19 0.50532 | CaHa(26) 1221 0.97763
11 0.49452 {
| CaHg(27) 1221 0.97704
HI (17) 17 0.99985 |
| PH3 (28) 1111 0.99955
Cl0 (18) 56 0.75438 {
76 0.24411 |
|

rotational branch and J” quantum number in each line
wheri hyperfine effects are present in a level [see Table
II(c)].

On this edition of the atlas, bands of both nitric oxide
and the hydroxyl radical (see below) have been added
that are expected to be seen in emission in the upper
atmosphere in nonlocal thermodynamic equilibrium
conditions. The intensities have been calculated for
equilibrium distribution at the 296 K standard; as a
result, some intensities appear with very small expo-
nents prior to scaling by subsequent upper atmospheric
emission codes. A word of caution is thus in order for
users of the compilations with computers incorporating
small bit capacity/word—the intensity field should
perhaps be read in a F6.3,1X,13 format rather than the
usual E£10.3 and a decision made on the size of the ex-
ponent (13).

The X211 « X?11Av = 1 sequence bands from (1-0)
through (5-4) and the Av = 2 series from (2-0) through
(6-~4) of the principal isotope of nitric oxide have been
calculated by Gillis and Goldman.? Hamiltonian con-

stants are from Refs. 4, 9, and 10. In addition, the
fundamental bands of N80 and !4N!30 have been
added to the compilation. Hamiltonian constants for
the isotopic bands are from Refs. 11 and 4, respectively.
The eigenvectors were used to compute the intensities,
and all bands involving v’ £ 2 include A-doubling. The
intensity of the fundamental of the principal isotope is
based on the high-resolution measurements of Mandin
et al.'? Intensities for other N!0 bands were formed
using Billingsley’s Einstein A coefficients!? scaled so
that his (1-0) band Einstein A coefficient yields the
intensity derived from Ref. 12. This scaling should be
valid since Green et al.'4 show that ratios of Billingsley's
band Einstein A coefficients!” ending in the same upper
state agree with experimental observations for the
bands of interest, with the exception of the (2-0) band,
whose intensity has been taken from Ref. 15. Intensi-
ties for the isotopic bands were derived by multiplying
the principal isotope fundamental by the abundance
ratios of Table I. The halfwidths used previously on
the compilation were assumed for all bands.”
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- Tabile . Examples of Line Format on Compilation

:J A} General Formsat
v
n " 1® ® -4 Transition Quantum Designation | 0% Af| n
W3 Vibrational Electronic
23 Assignament Rotational
\ rio.s- v ve Ayperfine,Splitting
ri0.6 £10.) rs. % rio.)d A® AS A9 Al0 1Y 14} 1
)
S
<
8) Coslescing Rotational Multiplets (Bzample for llo’)
{. rour parent lines (only l; and K: difter)
_;; [ 4 1 L] | 3 Vib Assigament J° l; lé J° l: l; D A "
':- 17.753332 6.494E-2) ,.1)0 292.0087 "OT 29 1) 16 28 14 15 102 146 12
- 17.753332 3,8528-22 .130 292.087 rOT 29 14 16 28 14 15 382 146 12
- 17.753332 6.494E-23 .130 292,087 ror 29 14 16 28 13 15 382 146 12
17.753332 ).0522-22 .130 292.087 ROT 29 1) 16 20 13 1S 382 146 12
.2 Resulting line from coalescing
. 17.753332 9.003E-21 .130  292.087 rot 29 16 28 15 382 146 12
C) MNyperfine Traneition Designation (Bzample for C1l0)
- r 1 " e vib Asetgnment  er"  aleealscet o A
- 34.046537 9.7202-25 .00 770,941 o 0 1/2-1/2 Q28R 26.34362 36 18
Li a. line frequency, e--‘ 9. APGL molecule code
;‘ b. line intenstty, c--llloloe c--’ h. electronic transition
Q} c. half-width st half maximum, c--x/ut- i. hyperfine branch letter
4. lowegs state energy, el-" j. zrotational branch lettar
- e. APGL date code k.oymmetry label (A-doubling)
- f. AFPGL isotope code
"
2 For this edition, the combination band of sulfur The pure rotation transitions in the ground state of
N dioxide (SO;) was updated, and the hot band of the  !“NHj;and '"NH; and the rotation-inversion transitions
K main isotope and combination band of the second most  in the vy level of '*NH; were completely reinvestigated.
- abundant isotope in the 4-um region were added. The  The absolute intensity formulation was reviewed in the
- line positions and intensities for these bands were cal-  case of rotation and rotation-inversion lines of mole-
’.. culated by Pine and Dang-Nhu.!6 Their line positions  cules with Cs, symmetry. A reliable set of spectroscopic
have a precision of ~0.0005 cm~!, and the accuracy of  parameters was computed for more than 2000 lines *
By the intensities is of the order of 1%. between 0.2 and 0.5 cm~! in the microwave region? and
3 Recent diode laser measurements!” of intensities of  beyond 0.5 cm~! from a subset of the GEISA catalog!8
~ the vo band of nitrogen dioxide (NO,) led to an im-  that met the intensity cutoff criterion (see Appendix A).
-~ proved value of the total band intensity. The linein-  The details concerning the far-infrared study are given
> tensities of this band were normalized in the latest atlas  in Ref. 19.
. to the calculation of Devi et al.!7 Recently, Urban et al.2° remeasured the far-infrared
™ Pure rotation and rotation—-inversion bands in the far  spectrum of '“NH; with 0.010-cm~! resolution in the
infrared for ammonia (NH;) were added to the com-  35-278-cm~! range using a Fourier transform spec-
i pilation. trometer. They were able to assign the ground-state
- 1618 APPLIED OPTICS / Vol. 22, No. 11/ 1 June 1983
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inversion-rotation transitions of *NH; up to J” = 13
and the lines of the inversion—rotation transitions in the
v, excited state up to J” = 11. We used their data up
toJ” = 13 and J* = 11 in the ground and », states, re-
spectively, to improve the line positions given in Ref.

In the region from 8 to 32 um a systematic study up
toJ” = 20 of the line parameters of the v, band of ¥NHj,
and '"NH; and the 2v,~vy band of *NH; was under-
taken.?! (The vy parameters of the main isotope,
however, were not altered from the 1980 version).! The

19. recent results of Urban et al,22 combined with those of
:. Table M. Absorption Bands Present on Compliation
X Molecule/ Band Offgin ﬁanYe No.of
isotope v vt (em™") (em™1) lines is;?
.
8
2 NO
b, 46 0 0 0-99 599 3.441
” 46 5 4 1763.8766 1463-~2020 416 7.7E-33
46 4 3 1791.8403 1488-2051 416 3.8E-29
- 46 3 2 1819.8392 1514-~2081 416 2.0E-25
o 48 1 0 1827.2844 1601-2039 679 1.054
& 56 1 0 1842.9177 1609~2061 699 1.917
[~ 46 2 1 1847.8808 1540-2112 831 0.108
. 46 1 0 1875.9711 1566~-2142 833 500.284
46 6 4 3499.8115 3177-3733 416 3.3E-34
- 46 5 3 3555.7169 3231-3791 416 1.3E-30
.. 46 4 2 3611.6795  3285-3849 416 S.4E-27
- 46 3 1 3667.7198 3339-3908 416 1.4E-23
[-. 46 .2 0 3723.8526 3392-3967 832 8.079
S0y
626 000 000 0-175 4132 238.984
626 010 000 517.75 433-617 3326 389.914
626 100 000 1151.7135 1047-1262 5812 351.914
626 001 000 1362.0295 1316-1394 2075 3080.023
646 101 000 2475.8300 2463-2497 287 0.603
626 111 010 2492 .,4438 2463~-2516 654 2.110
626 101 000 2499.8701 2463-2527 1883 39.542
NO>
646 010 000 749.6541 599-900 4594 52.989
646 o1 000 1616.852 1550-1657 3276 6112.775
646 101 000 2906.0691 2833-2938 1586 257.910
NHjy :
4111 0000 0000 0-415 490 1773.197
4111 0100 0100 4-477 593 29,063
5111 0000 0000 0-408 377 6.563
4111 0200 0100 789.537 309-1244 655 23.462
5111 0100 0000 945,282b 637-1244 584 7.967
4111 0100 0000 949.878b 608-1266 721 2151.304
4111 0001 0000 1630.165 1263-2056 1523 410.065
4111 0200 0000 1739.425 1239-2154 613 4.168
HNO;y
: 146 Pure rot. 0-43 4182 58.191
0 146 2vg 896.4187 891-899 1079 189.975
e 146 v4 13249 1326-1336 24 2744 .290
- 146 vo 1709.5676 1670-1750 7492 2014.242
. Continued
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Ref. 23 for the hot band, were used to improve the line
positions. Further studies on these bands are in prog-
ress at the Laboratoire de Météorologie Dynamique and
at the Jet Propulsion Laboratory?¢ and will be incor-
porated in the compilations in the future.

The perpendicular v, and the parallel 2»o bands of
ammonia from 5 to 8 um were also added to the com-
pilation. Theoretical details of these and the above
bands can be found in Refs. 21 and 25.

For the compilation of the line strengths of v, we
adopted the value 4.10 X 1078 cm~!/molecule cm~2 at
296 K.26 That value is ~10% lower than the experi-
mental determination of McKean and Schatz?’: one can
remark that these authors indicated that their experi-
mental errors were too high by 20%. Moreover, recent
determinations?® of a single line strength in the v, band
of NH; using laser techniques show that the value given
in Ref. 27 should be too high because of the 2v, band,

Table iil. Continued

Molecule/

Band Origin Range No.of

isotope v' v® (ecm™ ) (cm™%) lines Is;?

OH
61 0 0 0-84 113 313.105
8l 0 0 0-7 65 9.3E-26
62 0 0 0-2 90 1.1E-27
6l 9 8 2237.0640 1287-2812 352 6.5E-68
61 8 7 ~2414.6890 1429-3048 352 3.8E-63
61 7 6 2585.4810 1560-3268 352 3.9E-58
61 6 S 2751.7015 1687-3482 352 6.7E-53
6l S 4 2915.2998 1810-3690 352 5.6E-47
61 4 3 3077.7771 1931-3895 352 2.5E-40
61 3 2 3240.3604 2052-4099 352 2.5E-33
61 2 1 3404.0410 2172-4303 352 ‘4 ,1E-26
61 1 0 3569.6432 2293-4509 352 96.995
61 9 7 4651.7530 3503-5080 352 3.7E-63
61 8 6 5000.1700 3821-5483 352 1.0E-57
61 7 S 5337.1825 4123-5874 352 5.3E-52
61 6 4 5667.0013 4416-6253 352 5.6E-46
61 5 3 5993.0769 4703-6624 352 1.2E-39
61 4 2 6318.1375 4986-6991 352 4.7E-33
61 3 1 6644 .4014 5268-7358 352 3.4E-26
61 2 0 6973.6842 5552-7726 352 36.183
6l 9 6 7237.2340 5895-7582 352 2.7E-58
61 8 S 7751.8715 6384-8136 352 9.7E-53
6l 7 4 8252.4823 6852-8674 352 7.0E-47
61 6 3 8744.7784 7308-9204 352 1.1E-40
61 S 2 9233.4373 7757-9730 352 3.2E-34
61 4 1l 9722.1785 8202-9985 326 1.8E-27
61 3 0 10214.046 8648-9998 152 6.6E-22

HF
19 0 0 41-589 15 5703.728
19 1 0 3961.4429 3381-4339 25 1547.412
19 2 0 7750.7949 7143-7993 22 49.615

HC1
17 0 0 20-383 19 262,030
15 0 0 20-383 19 806.803
17 1l 0 2883.8850 2486-3136 33 147.189
15 1l 0 2885,.9765 2459-3139 34 452.786
17 2 0 5663,9276 5303-5824 27 3.480
15 2 0 5667 .9832 5271-5830 29 10,707
17 3 0 8340.,9407 8124-8449 18 2.3E-22
15 3 0 8346.7771 8058-8455 21 7.1E=-2

Continue
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which overlaps the v4 and is included in the measure-
ment of the total band strength. For this reason we did
not choose the other experimentally determined value
of band intensity 150 + 5 cm~!/atm cm at 299 K given

..................
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The 2v, vibration-rotation paraliel band is qualita-
tively similar to the »; band (see Ref. 21 for theoretical
details). The S —~ A and A — § subbands were studied
as independent bands. Up to J” = 12 the transition

in Ref. 29. wave numbers of Urban et al?2 were used. Higher ro-
Table Il. Continued
Molecule/ Band ﬁrig'in —"ﬁ"ancie No.of
isotope v! v" (cm™*) (ecm™ 1) lines is;?
HBr .
11 0 0 16-339 21 234.581
19 0 0 16-339 21 239.782
11 1 1l 64-130 5 6.7E-24
19 1l 1 64-~130 5 6.8E-24
11 1 0 2558.5308 2195-2773 36 72.324
19 1 0 2558.9105 21952773 36 73.916
11 2 0 5026.6005 4712-5160 28 0.755
19 2 0 5027.3408 4713-5161 28 0.771
11 3 0 7404.1928 7204-7495 20 1.9E-22
19 3 0 7405.2610 7205-7496 20 2.0E-22
11 4 0 9690.9914 9506-9758 18 9.5E-23
19 4 0 9692.3579 9507-9759 18 9,7E-23
HI
1 0 0 12-286 23 106.693
1 1 1 . 49-137 8 1.8E-23
17 1 0 2229.5817 2117-2398 26 1.758
1 2 0 4379.2261 4117-4489 32 0.633
17 3 0 6448.0348 6§176-6520 30 0.343
17 4 0 8434.7076 8190-8488 26 5.9E-22
Clo
76 0 0 0-100 2607 18.673
56 0 0 0-100 2575 58.302
76 1l 0 835.4802 763-883 402 11.861
56 1 0 842.5595 769~-891 436 36.979
0Cs
622 0090 0000 0-40 99 8.034
624 0000 0090 0-40 99 0.365
X 632 0090 0090 0-238 93 9,.4E-22
- 822 0000 0000 0-32 84 1.6E-22
oy 622 1090 0000 858.9669 817-891 181 109.782
r.. 622 0001 0000 2062.2 2016-2089 181 7881.287
Te HzCO
! 126 000000 000000 0-100 610 310.095
ﬁ 136 000000 000000 0-73 563 5.633
. 128 000000 000000 0-48 367 0.694
“ 126 000002 000000 2500 2743-2812 5 4.548
} 126 001100 000000 2655 2734-2735 r 0.589
i 126 001001 000000 2719.156 2700-2879 105 138.588
- 126 100000 000000 2782.457 2723-2843 424 828.793
. 126 000010 000000 2843.326 2703-2982 595 974.235
126 010100 000000 2905 2734~-2999 28 38.133
: 126 010001 000000 3000.066 2896~2957 3 8.550
) ' Continued
: 69 1621
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Table M. Continued

P

Molecule/

Band "5iigin ﬁhnie No.of

isotope v' v" (em™ %) (em™ 1) lines Is;?
HOC1

167 010 000 1238.1208 1179-1303 1240 291.656

165 010 000 1238.6242 1174-1311 1463 896.245

165 100 000 3609.4801 3400-3800 2675 304.351

167 100 000 3609.4851 3400-3800 2345 97.686
No ]

44 1l 0 2329.9168 2001-2620 117 6.4E-27
HCN

124 0000 0090 2-132 47 1026.457

134 0090 0090 2-98 34 12,226

125 0090 0090 2-101 35 4.036

124 0290 0110 697.957 587-823 119 24.979

- 124 0220 0110 713.076 595-851 232 103.278

124 0l1l0 0090 713.459 579-844 134 823.016

124 0200 0000 1426.535 1298-15137 81 139.947

124 0001 0090 3311.4772 3158-3422 90 951.594
CH3Cl

217 v] 2967.745 2965-2969 229 4.919

215 v] 2967.777 2965-2969 255 15.432

217 v4 3039.1761 2986-3162 1260 20.164

215 v4 3039.2864 2978-3173 1844 58.776

217 3vg 3041.8005 2916-3128 1221 19.276

215 3vg 3042.8736 2907-3157 1878 66.582
Ho07

1661 000001 000000 1269.136 1186-1350 2389 1283.539
CaH2

1221 0000011 0000000 730.3341 646-811 104 2979 .844

1221 0101111 0000000 3281.9020 3151-3387 101 507.407

1221 0010000 0000000 3294.8406 3162-3398 101 429.348
CoHg

122% vg 821.737 720-933 4328 145.556
PH3

1111 0100 0000 992,1301 708-1211 972 330.604

1111 0001 0000 1118.3131 828-1411 1914 411.320

8 Sum _of the line intensities on the compilation in units of
except where exponent given) at 296K.

cm~i/molecule-cm™

(x1020

D In the case of sub-bands, for ekample NH3, the band origins given
in column 4 are the averages of the two.
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tational transitions were calculated using the constants
of Gille and Lee.™® The ground-state energy levels are
the same as those calculated for v, (see Ref. 25).

Absolute line intensities have never been measured
in the 2v band. An analysis of the atmosphere of Ju-
piter gives the value of 1.03 cm=!/atm cm at 296 K for
the 2v; band, and this value has been adopted. This
band intensity is not applied to the R-branch individual
line intensities. Indeed, the relatively large intensity
(for an overtone band) of the 2v; R-branch is to be
contrasted to the weak Q- and P-branches. This
anomalous intensity pattern is a result of the Coriolis
interaction between the 2v4 and the v, rotational levels,
since these two vibrations are only 29 cm~—! apart. As
for the v, band, we must take into account the influence
of those interactions in the intensity expressions. Thus
the line intensities we give must be considered at best
as preliminary results, and more theoretical and ana-
lytical works remain to be done.

A halfwidth value of 0.075 cm~!/atm at 296 K has
been adopted for all updated NH; bands on this edi-
tion.

The rotational spectrum of nitric acid (H!¥N'60,)
was replaced on the atlas. The data are from the re-
vised JPL catalog® and consist of lines generated by
constants obtained by fitting to lines with J < 40 from
the observed nitric acid data of Cazzoli and DeLucia.™
The fit to the data was in terms of Kirchhoff’s32 for-
mulation of the asymmetric rotor Hamiltonian of Ki-
velson and Wilson.3® The accuracy of the rotational
transitions is generally better than 0.0001 cm~!. The
dipole moment was taken from the measurements of
Cox and Riveros, and the partition function was de-
termined by a sum over states toJ = 40. The resulting
line intensities are accurate to 3-5%. Because of the
small separation between many groups of lines for this
molecule, the spectra are very dense (7259 lines in the
0-41-cm~! range). Many of the lines differ in frequency
by an amount not observable in field and some labora-
tory experiments. To facilitate the use of the atlas we
coalesced some groups of lines into single lines. The
criterion for coalescing is: a pair or group of lines sep-
arated in frequency by <1 X 10~5 ¢cm~! has been co-
alesced if the lines have the same rotational quantum
numbers,J’ =J” and K. = K., with K, = K,,or K, =
K., with K, = K.. This occurs in the data for groups
of 2,3,and 4 lines. The resulting line is composed of the
average of the frequencies and lower-state energies of
the parent lines (these are usually the same as in the
individual lines), and the line intensity is the sum of the
individual line intensities of the parent lines. The
quantum numbers that differed in the parent line (ei-
ther K, or K.) are replaced by a blank, thus allowing
lines resulting from coalescing to be identified in the
atlas. An example of coalescing is given in Table lI(b).
The data were reduced to 4186 lines by coalescing.

A frequency-dependent intensity cutoff (see Ap-
pendix A) was applied to the data. The criteria used
were 1.02 X 10~22 em~'/molecule cm=* at 41.15 em-!,
The cutoff procedure reduced the data to 4182 lines, to

e i AR A a o ddn Bes ie B i S-SR il e e e

which a constant halfwidth of 0.13 cm~!/atm as re-
ported by Brockman et al.** was added.

Line parameters for the v band at 5.8 um were re-
calculated using the Hamiltonian constants of Maki and
Wells.% The set of rovibrational constants for the
upper state have been fit to a standard deviation of
0.0012cm~!. The relative line intensities adopted are
consistent with the results of Ref. 36; however, labora-
tory measurements”’ suggest that the absolute line in-
tensities of this band in the present compilation may be
too low by ~65%.

The 1982 atlas contains microwave data for the
ground 2[1,/ and 2I1,,, states of the hydroxyl radical
(OH). Data are for the main isotope OH and for the
isotopic species OD and '*0OH. A complete description
of the calculational method and microwave data is re-
ported in Ref. 38. The procedure refitted the spectra
of OH and OD to all the available data. For '830H most
of the molecular parameters were estimated by isotopic
scaling of the known '"OH and OD parameters; the
more critical molecular parameters of 180H were then
fitted to observed transitions. The data account for 125
lines between 0 and 84 cm™! for 180H, 235 lines between
0 and 4 cm™! for 0D, and 113 lines between 0 and 10
cm™! for 1B0H. As discussed in Ref. 1, a constant
halfwidth of 0.083 cm~1/atm was added to the data. All
lines that have a strength >1073% em~!/molecule cm~2
or are laboratory measurements were retained. The
reported strengths are accurate to a few percent. The
accuracy of the line positions is J dependent and is
better than 0.005 cm™!.

Goldman?®® calculated the X*I1 « X2[1Av =1, 2, and
3 series of '8Q'H through v’ = 9. Hamiltonian con-
stants are from Ref. 40. Intensities are calculated using
the individual transition Einstein A coefficients of
Mies.4! For the (1-0), (2-1), (3-2), and (4-3) bands
these individual Einstein A coefficients were scaled to
give the band Einstein A coefficients reported by
Agrawalla et al.42 Mies’ Einstein A coefficients*! were
used directly for all other bands. Further normalization
will be required for the atmospheric OH bands based
on the recent work of Werner et al.+*

No modifications were made to the hydrogen halides
for this edition.

Data from the JPL catalog’ for the chlorine mon-
oxide species ¥C1'6Q and V7Cl'60 are now on the atlas.
The data are the pure rotation band of the ground vi-
brational state for the 2II state of each chlorine mon-
oxide species. The molecular constants were deter-
mined by fitting the observed spectrum to a fine-
structure Hamiltonian and a hyperfine Hamiltonian
including off-diagonal matrix elements. The observed
spectrum below 6.7 cm~! (200 GHz) was from the
measurements of Kakar et al44; the spectrum ahove 6.7
cm~! was from measurements of Cohen and Pickett at
the Jet Propulsion Laboratory.? The uncertainties for
the transition frequencies of 35CIO and 37ClO are J-
dependent and increase from 0.00001 cm~'atJ = 20.5
to 0.005 and 0.02 cm™! {or the isotopes, respectively, at
the highest J/ listed. The partition function for both
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= 1/2 and 3/2 states was determined by a sum over
states to F' = 86. The line intensities are accurate to
1-2%.

Because both isotopic species of chlorine have non-
zero nuclear spin, the data must contain the nuclear spin
quantum numbers for the states, i.e., F,F”. These
appear in the data as a branch letter for the transition
(P,Q,R) given by F’ ~ F” and the nuclear spin quantum
number of the lower state F”. They occur between the
vibration state quantum numbers and the branch and
lower state J for the rotational transition as shown in
Table II(c). In each species, lines having the same
frequency to within 1 X 10~5 cm—1, the same rotational
and nuclear quantum numbers but different symmetry,
were coalesced into one line. For these lines the sym-
metry designation + or — was dropped, the frequency
and lower-state energy averaged, and the line intensities
added to produce the coalesced line. The frequency-
dependent cutoff (Appendix A) was applied to the data:
the criteria from the main isotope were 1.00 X 10-26
cm~!/molecule cm~2 at 100 cm™!.

The (1-0) fundamental chlorine monoxide is un-
changed from the 1980 AFGL trace gas compilation,’
except that the line positions were recalculated using
the Hamiltonian constants determined from the high-
resolution study of Maki et al.45

Carbonyl sulfide (OCS) pure rotation bands for the
isotopic species: 16Q12C32§ 16Q13C32§ 160Q12C34S and
18012C325, were added to the atlas. The frequencies
and lower-state energies were calculated using the
standard linear triatomic molecule formulas (for ex-
ample, see Ref. 46) including the hyperfine interaction.
The molecular parameters were determined by a
least-squares fit to the data sets of Dubrulle et al.47 and
Lovas.*8 The positional accuracy is J dependent and
generally better than 0.005 cm~!. The line intensities
were calculated using the dipole moment reported by
Reinartz and Dymanus4? for 160'2C32S, For the less
abundant species (624, 632, and 822 in the AFGL iso-
topic code) the dipole moment was assumed to be the
same as the parent species. The resulting intensities
are accurate to ~5%. The pressure-broadened
halfwidth was set at a default value 0.07 cm~!/atm as
discussed in Ref. 44,

The new formaldehyde (H,CO) data are for the pure
rotation band. Three isotopic species are present in
these data; Hy'2C!6Q, the main isotope, and the minor
species H'*C1€0 and H,!2C'%0 (136 and 128). The
experimental data are summarized in Ref. 3. Formal-
dehyde is an asymmetric rotor, thus the rotational en-
ergy and transitions are obtained by solving the basic
rigid asymmetric rotor Hamiltonian plus terms repre-
senting centrifugal distortion. Here the Hamiltonian
formulation of Kirchhoff*? was used to evaluate the
rotational and centrifugal distortion constants for
H2CO. For the isotopes 126 and 136, roughly 600 lines
for each are calculated in the 0-100-cm™! region; for 128
there are ~450 lines calculated from 0 to 50 cm=!. The
line positions are accurate to 0.005 cm™!, with the ac-
curacy increasing to 0.00005 cm~! for very low J tran-
sitions. The line intensities are accurate to *2-5%; the

1624 APPLIED OPTICS / Vol. 22, No. 11/ 1 June 1983

dipole moment value used in the calculation was taken
from the measurement of Kondo and Oka.?

The remaining molecular species identified as 21-28
in Table ] are new to the trace gas compilation.

Two vibration-rotation bands of hypochlorous acid
(HOCI) were considered for this atlas. The molecule
is of interest in stratospheric monitoring hecause of its
role as a chlorine sink in the atmosphere. The bending
mode at 1238 cm~! was investigated by Sams and
Olson.’! One should consult the latter reference for the
estimated precision of the line positions. Unresolvable
multiplets have been coalesced s described previously
in the section for nitric acid. The intensities for this
band were based on measurements performed at the
National Bureau of Standards.?2

The HOCI v, band in the 2.8-um region consists of
both A and B type transitions. Both types of transition
have approximately the same intensity. Strong B type
transitions occur in the 3400-3800-cm™! range, while
A type transitions are strong only in the 3525-3650-
cm~! range. Line positions and intensities at 296 K
were generated for the A and B type transitions of HOCI
for both the 35 and 37 isotopes of Cl using the Hamil-
tonian constants of Wells et al.”® The intensities for
the v, band of HOCI are unknown, and the following
assumptions were made: (1) for isotopically pure
species, the band intensities of HO#5C] and HO%'Cl are
approximately equal; (2) for a simple isotopic species,
the sum of all the A type transition intensities equals
the sum of all the B type transition intensities (as con-
cluded in Ref. 53). The band intensity for both isotopic
species at natural abundance (75.54% HO35Cl and
24.41% HOVCI) was arbitrarily set to ~100 cm~/atm
cm at 296 K. The final set of line parameters contains
all transitions with J’ < 40 and K, < 16 from both iso-
topic species in natural abundance with intensity >0.5%
that of the strongest line. Because HOCI is a very
nearly prolate symmetric rotor (x ~ —0.9987), Watson's
Hamiltonian® is not optimum for this molecule. In
addition, K, must be limited to ~16 to prevent the
calculation of unphysical values of energy levels.

An arbitrary halfwidth of 0.06 cm~!/atm was assumed
for both bands.

Nitrogen (N,) is included on this edition of the
compilation owing to its contribution to atmospheric
absorption through electric quadrupole transitions.?®
The vibration-rotation band at 2330 cm~! consists of
0, @, and S transitions. An estimated air-broadening
coefficient of 0.06 cm~!/atm at 296 K was assumed.
(The O, quadrupole lines have heen included in the
Main compilation.?)

Hydrogen cyanide (HCN) has been detected in both
the troposphere®” and stratosphere.® This molecule
is known to contribute in certain spectral regions to
temperature profile retrieval.59

The pure rotation bands of H!3C!4N and H!2C!5N
from the JPL catalog, edition 2, have been added to the
atlas. Because of the nonzero nuclear spin of 13C, 14N,
and !N, the hyperfine interaction between the nuclear
electronic quadrupole and spin rotation is included in
the calculations. The molecular constants were de-
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termined by exact matrix diagonalization of the Ham-
iltonian fitting to the observed lines reported by Pear-
son et al.% Line position accuracy is J dependent
ranging from 1 X 1076 cm~! for the R 0 line of both
isotopic species at ~3 cm™~1, t0 0.015 cm™! for the R 33
line of HI3CMN at 97 cm™~! and 0.003 cm~! for the R 34
line of H12C!'5N at 100 cm™!. For the calculation of the
line intensities the dipole moment was assumed to be
the same as for the main isotope, 2.984 D.6! The ac-
curacy of the intensities is ~5%. The first fourteen lines
of data for H'3C!“N arise from hyperfine splitting of
three lines (RO, R1, and R2). Because the separation
of the lines is so small (1 X 10~5 cm™1), the fourteen lines
have been coalesced back to the three parent lines.
Three lines for the main isotope from the JPL catalog
were included in the atlas. These lines contain the
hyperfine splitting, and additional quantum numbers
appear before the rotational quantum numbers. The
branch letter corresponding to the change in nuclear
spin quantum numbers (P,Q,R) and the nuclear spin
F of the lower state was added to the data. These lines
were retained because their separation is observable in
many laboratory and some field experiments. The re-
maining lines of the principal isotope were calculated
by A. Goldman.

The line parameters of the vy, 2v3, 2v5-v9, and vy
bands of HCN were also added to the compilation.
Line positions for 2v, were calculated using the Ham-
iltonian constants of Maki.62 Intensities for 2v, were
calculated using rigid rotor line strengths and are nor-
malized to the band intensity of Smith.83 Line posi-
tions for v; and 2v; — v, were calculated using the
Hamiltonian constants of Maki®? and the band origin
from Wang and Overend.®4 The total band intensity
of 2vo—v, was derived from scaling the v, band intensity
of Hyde and Hornig8 by the 2-D harmonic oscillator
matrix element and the Boltzmann factor. Line posi-
tions for v3 were calculated using the Hamiltonian
constants of Maki.’2 The band intensity used is the
average of available published values83.66 for this band
and is corrected for the ~7% contribution from the vy
+ v9 — vo band. Line positions for all bands are accu-
rate to £0.005 cm™'. A halfwidth of 0.06 cm~!/atm was
adopted for all bands; however, preliminary measure-
ments by Smith®” indicate a J dependence of the
halfwidth and that an average value of 0.12 cm~!/atm
would be more appropriate.

The parameters for the v, v,, and 3v4 bands of
methyl chloride (CH.Cl) around 3.3 um were provided
by Dang-Nhu.®® This molecule is considered to be a
natural source for chiorine in the upper atmosphere.
The ¢, band was studied at high resolution by Dang-
Nhu et al.%? and is a candidate for detection since the
Q branches coincide with a relative gap in the methane
spectrum. The v, and 3vg bands were also studied and
analyzed using a high-resolution Fourier transform
spectrometer.’”® References 69 and 70 should be con-
sulted for an understanding of the reliability of the
parameters of these complex perturbed bands. A
constant value of 0.08 cm~!/atm was assumed for the
halfwidths.

Legeaanns
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Interest in hydrogen peroxide (H,0.) is related to
its prominent role in atmospheric photochemistry. It
is expected to be a sink species for odd hydrogen radi-
cals. Although it has been proposed to be in higher
concentration than OH, it has yet to be detected in the
terrestrial atmosphere or extraterrestrially. The vg
band is the strongest fundamental, and the parameters
on the compilation were provided by Hillman.”? The
line positions for this band were calculated with a gen-
eral asymmetric rotor program with a fit to some 600
observations.’? The ground state was constrained to
the submillimeter analysis,? and the standard deviation
of the fit is of the order of 0.005 cm=!. Unresolvable
multiplets were coalesced on the atlas. The intensities
were calculated and are in general agreement with ex-
periment.”? A value of 0.10 cm~!/atm was assumed for
the Lorentz halfwidth.”

The linear molecule acetylene (CsH,) was identified
in atmospheric absorption spectra.’ Line parameters
for the v, band were calculated to an estimated accuracy
of 0.001 cm~! using the Hamiltonian constants of Hie-
tanen and Kauppinen.”> The band intensity is based
on the value of Varanasi and Bangaru.”®

In the 3-um region the two strongest bands of acety-
lene were provided by Rinsland.”” Details of the lab-
oratory study that measured the line positions and in-
tensities are given in Ref. 78. A constant halfwidth of
0.08 cm™~1/atm was applied to this molecule.

Interest in ethane (C,Hg) was spurred by its detec-
tion in the atmospheres of the Jovian planets. There
is also wide interest in this hydrocarbon for remote
sensing in terrestrial tropospheric problems. In this
edition of the atlas the vg fundamental has been intro-
duced. The transitions came from Daunt et al.,® with
the relative intensities corrected to agree with recent
experiments.80 A halfwidth of 0.10 cm™}/atm was as-
sumed.

Finally, two bands of phosphine (PH3), v and vy,
were added to the atlas. This species is presently of
interest in studies of planetary atmospheres. The pa-
rameters are described in Ref. 81, and a constant
halfwidth of 0.075 cm~1/atm was assumed.

We thank M. A. H. Smith, C. P. Rinsland, and J. C.
Larsen, who, in conjunction with their efforts on k :half
of NASA upper atmospheric programs, graciously
provided much valuable data and suggestions. We also
wish to thank M. Dang-Nhu of Orsay, J. J. Hillman of
NASA, and A. G. Maki of NBS for providing data prior
to publication.

Appendix A: Frequency-Dependent Intensity Cutoft
Criterion

Intensity criteria were developed®? for the main IR
active constituents of the terrestrial atmosphere by
assuming normal concentration of a species and an ex-
treme atmospheric path. The path was taken to be the
atmospheric path tangent to the earth’s surface and
extending from space to space. Lines having <10%
absorption at the line center were omitted from the
atlas. Although an absolute line intensity cutoff was
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established, exceptions were immediately necessary (see
Ref. 82). For trace gas constituents of the atmosphere,
similar considerations are not possible because both the
notion of concentration and tangent path seemed in-
appropriate. . .

As microwave data were added to the atlases it be-
came obvious that the intensity cutoff criterion had to
account for the effect of the radiation field® in the line
intensity at low frequency. The frequency-dependent
cutoff developed! to account for this is

Iv cov

I») v tanh 2T’ (Al)
where I is the standard intensity cutoff (main gases
only) at the defined frequency v, (e.g., . = 3.0 X 10~27
cm~1/molecule cm~2and v, = 2000 cm~! for Hy0), v is
the frequency of the line in vacuum wave numbers, ¢,
is the second radiation constant (hc/k), and T is the
atlas temperature 296 K. The cutoff given by Eq. (A1)
is well-defined for the main constituents of the atmo-
sphere, where /. and v, are known. To use Eq. (A1) for
the trace gases a static cutoff intensity I, and frequency
v. must be defined. Care must be taken in defining /..
for Eq. (A1) so that I(») goes smoothly into I, at the
cutoff frequency.

The cutoff parameters are determined by using » and
I of the strongest intensity line of the principal isotope
from the lines at high frequency in the data. The in-
tensity cutoff is then chosen to be 2 orders of magnitude
weaker than this line, and the frequency of this line is
v. Thus

I(r = 1) = Lotroneen X 1072, (A2)

and one solves for the static cutoff via

[=d=v) (A3)
eare

tanh 2T‘)
Using the static intensity cutoff defined by Eq. (A3)
along with v, gives the desired criterion for Eq. (A1) to
be applied to the individual line intensities for the trace

gases.

References

1. L. S. Rothman et al., Appl. Opt. 20, 1323 (1981).

2. L. S. Rothman, Appl. Opt. 20, 791 (1981); for latest edition of the
Main Compilation. see L. S. Rothman et al., Appl. Opt. submitted
for publication (1983).

3. R.L.Poynter and H. M. Pickett, “Submillimeter, Millimeter and
Microwave Spectral Line Catalogue,” JPL Publication 80-23,
Revision 1 (Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, Calif., 1981), and Edition 1 of the same
catalog.

4. C. Amiot, R. Bacis, and G. Guelachvili, Can. J. Phys. 56, 251

(1978).

5. W. L. Meerts, Chem. Phys. 14, 421 (1976).

6. W. L. Meerts and A. Dymanus, J. Mol. Spectrosc. 44, 320
(1972).

7. L. L. Abels and J. H. Shaw, J. Mol. Spectrosc. 20, 11 (1966).

8. J. R. Gillis and A. Goldman, Appl. Opt. 21, 1161 (1982).

9. L. D.G. Young, A. T. Young, S. A. Clough, and F. X. Kneizys, J.
Quant. Spectrosc. Radiat. Transfer 20, 317 (1978).

10. C. Amiot and J. Verges, J. Mol. Spectrosc. 81, 424 (1980).

1626 APPLIED OPTICS / Vol. 22, No. 11 / 1 June 1983

-
T T e L

. Ay e -
AP AL SRS APV

0 P ol 8 4 L B B0 B-a a0 e i Sl auAdh n A ety

11. C. Amiot and G. Guelachvili, J. Mol. Spectrosc. 76, 86 (1979).

12. J.-Y. Mandin, C. Amiot, and G. Guelachvili, Ann. Phys. 5, 91
(1980).

13. F. P. Billingsley 11, J. Mol. Spectrosc. 61, 53 (1976).

14. B. D. Green, G. E. Caledonia, and R. E. Murphy, J. Quant.
Spectrosc. Radiat. Transfer 26, 215 (1981).

15. G. Chandraiah and C. W. Cho, J. Mul. Spectrosc. 47, 134
(1973).

16. A.S. Pine and M. Dang-Nhu, J. Mol. Spectrosc. 84, 132 (1980).

17. V. M. Devi et al., J. Mol. Spectrosc. 88, 251 (1981).

18. N. Husson, A. Chedin, N. A. Scott, I. Cohen-Hallaleh, and A.
Berroir, “La Banque de Données GEISA Mise a Jour 3, Labo-
ratoire de Météorologie Dynamique Note 116 (1982).

19. N. Husson, A. Goldman, and G. Orton, J. Quant. Spectrosc. Ra-
diat. Transfer 27, 505 (1982).

20. S. Urban et al., J. Mol. Spectrosc. 88, 274 (1981).

21. N. Husson, A. Chedin, and N. A. Scott, “Paramétres Spectros-
copiques de la Molécule d’Ammoniac dans la Région 32-7.5 um
(Bandes »; et 2v,-12),"” Laboratoire de Météorologie Dynamique
Note 90 (1979).

22. S. Urban et al., J. Mol. Spectrosc. 79, 455 (1980).

23. J.J. Hillman, D. E. Jennings, and J. L. Faris, Appl. Opt. 18, 1808
(1979); Gi. Baidacchini, S. Marchetti, and V. Montelatici, .J. Mol.
Spectrosc. 86, 115 (1981); J. . Sattler, L.. S. Miller, and T. L.
Worchesky, J. Mol. Spectrosc. 88, 347 (1981).

24. R. L. Poynter and J. S. Margolis, Mol. Phys. 11, 1 (1983).

25. N. Husson and A. Chedin, “Line Parameters of Infrared Ab-
sorption Bands of Ammonia in Connection with the Voyager IRIS
Mission,” Laboratorie de Météorologie Dynamique Note 115
(1982).

26. R. Hanel et al., Science 204, 972 (1979); 206, 952 (1979).

27. D.C. McKean and P. N. Schatz, J. Chem. Phys. 24, 316 (1956).

28. L. A. Farrow and R. E. Richton, J. Chem. Phys. 70, 2166
(1979).

29. W. L. France and D. Williams, J. Opt. Soc. Am. 56, 70 (1966).

30. J.C.Gille and T. H. Lee, J. Appl. Sci. 26, 932 (1969).

31. G. Cazzoli and F. C. DeLucia, J. Mol. Spectrosc. 76, 131 (1979).

32. W. H. Kirchhoff, J. Mol. Spectrosc. 41, 333 (1972).

33. D. Kivelson and E. B. Wilson, Jr., J. Chem. Phys. 20, 1575
(1952).

34. A.P.Cox and J. M. Riveros, J. Chem. Phys. 42, 3106 (1965).

35. P. Brockman, C. H. Bair, and F. Allario, Appl. Opt. 17, 91
(1978).

36. A.G. Maki and J. S§. Wells, J. Mol. Spectrosc. 82, 427 (1980).

37. A. Goldman, T. G. Kyle, and F. S. Bonomo, Appl. Opt. 10, 65
(1971).

38. R. A. Beaudet and R. L.. Poynter, J. Phvs. Chem. Ref. Data 7, 311
(1978).

39. A. Goldman, Appl. Opt. 21, 2100 (1982).

40. J. A. Coxon, Can. J. Phys. 58, 933 (1980); .J. A. Coxon and S. C.
Foster, Can. J. Phys. 60, 41 (1982).

41. F. H. Mies, J. Mol. Spectrosc. 53, 150 (1974).

42. B. 8. Agrawalla, A. S. Manocha, and D. W. Setser, ). Phys. Chem.
85, 2873 (1981).

43. H. J. Werner, P. Rusmus, and E. A. Reinsch, “MCSCF,
MCSCF.SCEP, and SCEP-CEPA Calculations of Infrared
Transition Rates for the Electronic Ground States of OH, OH~
and OH*,”.l. Chem. Phys. (1982), submitted for publication.

44. R. K. Kakar, E. A. Cohen, and M. Geller, .J. Mol. Spectrosc. 70,
243 (1978).

45. A. G. Maki, F. J. Lovas, and W. B. Olson, J. Mol. Spectrosc. 92,
410 (1982).

46. C. H. Townes and A. L. Schawlow, Microwave Spectroscopy
(McGraw-Hill, New York, 1955).

47. A. Dubrulle, J. Demaison, J. Burie, and D. Boucher, Z. Natur-
forsch. Teil A 38, 471 (1980).

48. F.J. Lovas, J. Phys. Chem. Ref. Data 7, 1445 (1978).

T4

- . .
o gt e,

. .~ -
Ce T I T B AR T TR T

AN
PP U T G Yy D S e

B

.




49.

51.
52.
. J.S. Wells, R. L. Sams, and W. J. Lafferty, J. Mol. Spectrosc. 77,

§7.

88

& 2 882

J. M. L.J. Reinartz and A. Dymanus, Chem. Phys. Lett. 24, 346
(1974).

. K. Kondo and T. Oka, J. Phys. Soc. Jpn. 15, 307 (1960).

R. L. Sams and W. B. Olson, J. Mol. Spectrosc. 84, 113 (1980).
R. L. Sams and A. G. Maki, NBS; private communication.

349 (1979).

. J. K. G. Watson, Mol. Phys. 15, 479 (1968).
85.

A. Goldman, J. Reid, and L. S. Rothman, Geophys. Res, Lett. 8,
T7 (1981).

. C. Camy-Peyret, J.-M. Flaud, L. Delbouille, G. Roland, J. W.

Brault, and L. Testerman, J. Phys. Lett. 42, 279 (1981).

C. P. Rinsland, M. A. H. Smith, P. L. Rinsland, A. Goldman, J.
W. Brault, and G. M. Stokes, J. Geophys. Res. 87, 11119
(1982).

. M. T. Coffey, W. G. Mankin, and R. J. Cicerone, Science 214, 333

(1981).

. M. T. Coffey and A. Goldman, Appl. Opt. 20, 3480 (1981).
. E. F. Pearson, R. A. Creswell, M. Winnewisser, and G. Winnew-

isser, Z. Naturforsch. Teil A 31, 1394 (1976).
G. Tomasevich, Thesis, Harvard U. (1970).

. A. G. Maki, J. Mol. Spectrosc. 58, 308 (1975).

I. W. M. Smith, J. Chem. Soc. Faraday Trans. 2 77, 2357
(1981).

. V. K. Wang and J. Overend, Spectrochim. Acta Part A 29, 687

(1973).

. G. E. Hyde and D. F. Hornig, J. Chem. Phys. 20, 647 (1952).
. J. H. Jaffe, “Refraction of Gases in the Infrared,” in Advances

in Spectroscopy, H. W. Thompson, Ed. (Interscience, New York,
1961), pp. 263-291; J. Finzi, J. H. S. Wang, and F. N. Mastrup,

L w e Te Te e,

e et e, B -
e « L4 . - PR
' e k‘-”_'p‘.‘;\'(\i VAN AP

67.
69.
70.

.
72

73.
74.
75.
76.

71.
78.

79.
. G. 8. Orton, JPL, and D. E. Jennings, NASA Goddard; private

81.

82

83.

75

J. Appl. Phys. 48, 2681 (1977); K. Kim and W. T. King, J. Chem.
Phys. 71, 1967 (1979).

M. A. H. Smith, NASA Langley; private communication.

M. Dang-Nhu, CNRS, Orsay; private communication.

M. Dang-Nhu, M. Morillon-Chapev, G. Graner, and G. Guela-
chvili, J. Quant. Spectrosc. Radiat. Transfer 26, 515 (1981).

M. Dang-Nhu, M. Morillon-Chapey, G. Graner, and G. Guela-
chvili, Can. J. Phys. 60, 1328 (1982).

J. J. Hillman, NASA Goddard: private communication.

J.J. Hillman, D. E. Jennings, W. B. Olson, and A. Goldman; pri-
vate communication.

dJ.J. Hillman, J. Mol. Spectrosc. 95, 236 (1982).

A. Goldman et al., J. Geophys. Res. 86, 12143 (1981).

J. Hietanen and J. Kauppinen, Mol. Phys. 42, 411 (1981).

P. Varanasi and B. R. P. Bangaru, J. Quant. Spectrosc. Radiat.
Transfer 14, 839 (1974).

C. P. Rinsland, NASA Langley; private communication.

C. P. Rinsland, A. Baldacci, and K. N. Rao, Astrophys. J. 49, 487
(1982).

S. J. Daunt et al., J. Mol. Spectrosc. 86, 327 (1981).

communication.

A. Goldman, G. R. Cook, and F. S. Bonomo, J. Quant. Spectrosc.
Radiat. Transfer 24, 211 (1980); G. Tarrago, M. Dang-Nhu, and
A. Goldman, J. Mol. Spectrosc. 88, 311 (1981).

R. A. McClatchey et al., “AFCRL Atmospheric Absorption Line
Parameters Compilation,” AFCRL-TR-0096 (1973).

S. A. Clough, F. X. Kneizys, L. S. Rothman, and W. O. Gallery,
Proc. Soc. Photo. Opt. Instrum. Eng. 277, 152 (1981).

1627

1 June 1983 / Vol. 22. No. 11 / APPLIED OPTICS




Reprinted from Applied Optics, Vol. 22, page 2247, August 1, 1983

Copyright © 1983 by the Optical Society of erica and reprinted by permission of the copyright owner.

B2.

AFGL atmospheric absorption line parameters
compilation: 1982 edition

L. S. Rothman, R. R. Gamache, A. Baibe, A. Goldman, J. R. Gillis, L. B. Brown, B, A, Toth, J.-M. Flaud,

and C. Camy-Peyret

The latest edition of the AFGL atmospheric absorption line parameters compilation for the seven most ac-
tive infrared terrestrial absorbers is described. Major modifications to the atlas for this edition include
updating of water-vapor parameters from 0 to 4300 cm~!, improvements to line positions for carbon dioxide,
substantial modifications to the ozone bands in the middle to far infrared, and improvements to the 7- and
2.3-um bands of methane. The atlas now contains ~181,000 rotation and vibration-rotation transitions be-
tween 0 and 17,900 cm~1, The sources of the absorption parameters are summarized.

L. Introduction

A new edition of the AFGL atmospheric absorption
line parameters compilation was submitted for public
distribution in Oct. 1982. This edition supersedes the
last version of Sept. 1980.! The atmospheric absorption
line parameters compilation, or main tape, provides the
basic absorption parameters of the seven most active
infrared molecular absorbers of significance in terres-
trial atmospheric transmission and radiance studies.
There is also a similar compilation of data for trace and
pollutant molecular species.2 These data bases are
distributed in the form of magnetic tapes by the Na-
tional Climatic Center of NOAA, Digital Product Sec-
tion, Federal Building, Asheville, N.C. 28801. The
main compilation presently covers the spectral range
from 0 to 17,900 cm™!, with an attempt to include at
least all transitions contributing more than 10% ab-
sorption over a‘terrestrial atmospheric path defined
from space to space tangent to the surface of the earth.
A representative example of the card image format of

’ -L. S. Rothmau, 1s with U.S. Air Force Geophysics Laboratory, Op-

tical Physics Division, Hanscom Air Force Base, Massachusetts 01731;
8 R. R. Gamache is with University of Lowell, Center for Atmospheric
o Research, Lowell, Massachusetts 01854; A. Barbe is with Université
. de Reims, Laboratoire de Physique Moléculaire 51062-Reims, France;
:'_: A. Goldman and J. R. Gillis are with University of Denver, Physics
Q Department, Denver, Colorado 80208; L. R. Brown and R. A. Toth

are with California Institute of Technology, Jet Propulsion Labora-
tory, Pasadena, California 91109; and J.-M. Flaud and C. Camy-
Peyret are with Laboratoire de Physique Moléculaire et d’Optique
Atmosphérique, Campus d’Orsay, 91405-Orsay, France.

Received 24 March 1983.

the transitions is shown in Fig. 1. The previous data
bank has been utilized in a wide range of applications
such as spectroscopic detection of trace or weakly ab-
sorbing features in the atmosphere,® atmospheric
modeling efforts,? laser transmission studies, and
general studies of remote sensing of atmospheric char-
acteristics® and molecular spectroscopic theory.”

The salient achievements of this new edition have
been the updating of parameters for the isotopic vari-
ants of water vapor in the region from 0 to 4300 cm™1,
the improvement of line positions of carbon dioxide,
substantial modifications to the ozone bands in the
middle to far infrared, and improvements to the 7-um
bands and addition to the 2.3-um combination bands
of methane. All modifications and additions to the
compilation are described molecule by molecule in Sec.
IL

Il. New or Modified Data

The ground-state pure rotation band of the normal
isotope of water (Hy0) has been recalculated and has
replaced the earlier data on the atlas. Watson-type
constants8 for the band were determined by a fit to fif-
teen microwave lines? and more than 200 infrared
lines.!® The constants yield eigenvalues, which were
used to calculate line positions, and wave functions,
which were used to evaluate line intensities. The re-
siilting line intensities are accurate to ~15%. The line
positions were compared with line positions generated
using energy levels of Flaud et al.19 The confidence in
the line positions of this band can be estimated from the
following three criteria used to enter the line positions
into the compilation: (1) all microwave observations
by DeLucia et al.? were used in preference to the cal-
culations and were written in F10.6 format; (2) calcu-
lated lines were written in F10.5 format; and (3) lines
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rt Ib n¢ g"d Transition Quantum Designation p¢ Af L
(Rotational, Vibrational,
Electronic, Splitcting)
F19.3~
r10.6 E10.3 FS.4 F10.3 Format: species dependent 13114 |13

Fig. 1. Example of line format on compilation: a, Resonant line transition in vacuum cm~?; b, Line intensity in cm~!/molecule cm~2 at 296
K; ¢, Air-broadened halfwidth (HWHM) in cm~/atm at 296 K; d, Lower-state energy in cm~!; ¢, AFGL date code; f, Isotopic variant code;
£, Molecular species code.

Tablel. Summary of New or Updated Water Bands for 1982 Compilation

BAND lSdr BAND SuM OF LINE§ RANGE # LINES JMAX SMXN‘ SMAXg
ORIGIN ’ v' ve INTENSITIES (CM=~1)

161 000 000 5.268E~-17 0-1648 1728 23 1.01 €E-32 2.67 E-18

179 000 000 1.943E-20 6- 906 822 17 1.00 E~26 9.83 £-22

18¢f 000 00O 1.066€-19 6= 977 768 18 1,02 €-26 5.39 E-21

t17¢ 010 010 7.921E-24 21=- 449 117 11 1.00 £-26 4.23 E-25

199 010 01O 4.632€-23 21= 559 202 12 1.02 €E-26 2.35 E-24

161 020 020 1.016€E-23 26- 503 129 11 1.0 E-26 5.34 E-25

161 100 100 5.977€-25 86~ 302 27 8 1.01 €-26 5.08 E-26

161 001 600 ¢ 3.072€-25 86- 292 19e 6 1.0t €-26 3.14 £E-26
1515.163 189 030 020 5.135€-24 1271~-1932 121 9 1.03 £-26 1.66 E-2%5
1580.774 181 020 010 1.644E~-23 1287-1960 187+ 10 1.00 €E~26 4.91 E~25
1553.653 170 020 010 2.464E-24 1343-1860 86e 8 1.04 £E-26 8.80 £-26
1588.279 189 010 000 2.101€-20 1009-2220 as2 16 1.02 E-26 5.85 €-22
1591.325 17¢ 0t 0 000 3.823€-21 1063-2158 668 15 1.00 E-26 1.07 £-22
1594.7498 1861 0 1 0 00O 1.038E-17 640-2822 1807 20 3.17 €-27 2.90 €E-19
2183.288 te1 00t 010 2.267€-25 2086-2267 16 5 1.0t €-26 2.08 E-26
2723.6799 162 100 000 6.338€~-22 2332-3133 1333 17 1.01 €-27 9.75 E-24
2762.0117 1862 020 000 8.468E~23 2486-3362 953 19 1.00 €-27 1.23 E-24
3072.048 16y 030 010 7.303E-23 2813=-3917 313 12 1.00 €-26 1.83 E-24
3139.053 18y 020 000 1.325€-22 2806-4046 388 13 1.01 E-26 4.53 E-24
J144.978 17¢ 020 000 2.409€~-23 2887-3994 247 11 1.00 €-26 $.49 €-25
3632.961 181 v 1 0 010 7.920€-26 3624-3790 Je 4 1.51 €-26 3.53 €-26
3840.245 161 110 010 1.946E-22 3172-4145 365 13 .00 E-26 1.25 €-23
3649.685 188 100 000 9.468£-22 3108-4194 553 14 1.00 €~26 7.77 €-23
3653.143 179 1060 000 1.699€-22 3223-4127 387 13 1.02 £-26 9.37 E-24
3707.4687 162 001 000 1.416E-21 3236-4122 1651 17 1.01 €-27 1.75 €-23
3719.991 169 021 020 1.158€-24 3570-3869 49+ 7 1.4t £€-26 5.11 €E-26
3722.189 189 011 010 5.356€-24 3525-3912 101 9 1.04 E-26 1.93 €-25
3728.937 179 017t 010 6.61BE-25 3591-3858 34 6 1.00 €-26 3.63 E~26
3736.822 189y 011 010 2.923€-21 3203-4282 827 15 1.0t €-26 9.687 E~23
3741.587 189 00t 000 1.333€E-20 3160-4341 7M1 16 1.00 E-26 4.37 €-22
3748.3189 179 001 000 2.516€-21 3227-4243 529 15 1.00 E~26 7.89 €E-23
4099.95%9 162 110 000 8.4268E-23 38434497 860 15 1.00 €E-27 9.36 E-25
4148.4734 162 03 0 00 3.504E-23 3679~4640 602 14 1.0 E-27 8.76 E-25

oNEW BAND FOR PRESENT COMPILATION.

t Isotope code: 161 is Hp160, 181 is H180, 162 is HDO, etc.
§ Units of cm~1/(molecule-cm~2) at 296K.
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Table . Bands of Carbon Dioxide on 1982 Compliiation in Which Both Upper and Lower States Have Been Refit

Band Band* Isot Band : Band* . 1Iso t
Origin v v Origilin v v

471.512 20003 11101 626 963.984 00011 10001 627
479.839 13302 1220t 626 966.269 00011 1000 628
544,287 11102 10001 626 1017.659 00011 10002 636
568.846 13302 04401 626 1043.637 10011 20002 626
594,290 20002 11101 626 1063.735 00011 10002 626
597.052 10002 01101 628 1064.474 10012 20003 626
597.340 11102 02201 626 1071.542 o111 11102 626
608.829 10012 01111 626 1072.687 00011 10002 628
615.897 20003 11102 626 1259.426 10002 00001 628
617.350 10002 01101 636 1365.844 10001 00001 628
618.029 10002 0110 626 1376.030 10001 00001 627
636.752 01111 00011 636 1880,988 20003 01101 626
647.063 11102 10002 626 1905.433 13302 02201 626
648.479 01101 00001 636 1932.472 11102 00001 626
648.787 02201 01101 636 2003.767 20002 01101 626
649.078 03301 02201 636 2037.093 11101 00001 636
654.869 01111 00011 626 2076.856 11101 00001 626
655,259 02211 o1111 626 2093.345 12201 01101 626
662.374 01101 00001 628 2107.125 13301 02201 626
662.776 02201 01101 628 2112.490 21101 10001 626
664,730 01101 00001 627 2129.756 20001 01101 626
667.031 11101 1000t 636 2157.675 10012 10001 636
667.380 01101 00001 626 2165.544 21101 02201 626
667.752 02201 01101 626 2170.850 11112 11101 626
668.115 03301 02201 626 2180.701 20012 20001 626
668.472 04401 03301 626 2182.479 20013 20002 626
681.531 13301 12201 626 2205.297 10012 10001 628
683.869 12201 11101 626 2224,657 10012 1000Y 626
688.672 11101 10001 626 2248.362 01121 0t11Y 636
703.470 10001t o110t 628 2250.606 11111 11101 636
703.539 21101 20001 626 2260.051 02211 0220t 636
710.770 10011 01111 626 2260.061 00021 00011 636
711.300 10001 01101 627 2261.909 10012 10002 636
720.280 20001 11101 626 2262.849 10011 10001 636
720.805 10001 01101 626 2265.972 00011 00001 638
721.584 10001 01101 636 2271.760 o1111 01101 636
738.674 20002 11102 626 2283.4868 00011 00001 636
739.829 11101 02201 636 2288.390 13311 13301 626
739.950 21101 12201 626 2290.681 13312 13302 626
741.726 11101 02201 626 2299.214 04411 04401 626
757.479 12201 03301 626 2299.240 02221 02211 626
770.538 13301 04401 626 2301.053 12211 12201 626
771.266 1110t 10002 6386 2301.800 01111 01101 828
791.448 11101 10002 626 2301.909 10021 10011 626
828.254 12201 11102 626 2302.372 10022 10012 626
829.529 21101 20002 626 2302.523 20011 20001 626
864.665 20001 11102 626 2305.256 20013 20003 626
883.145 01111 11101 836 2306.691 20012 20002 626
898.548 02211 12201 626 2307.383 02211 02201 628
913.42% 00011 10001 636 2309.290 10011 10001 628
917.647 10011 20001 626 2311.668 03311 03301 626
927.158 o1111 11101 626 2311.701 01121 01111 626
941.696 10012 20002 626 2311.,715 1C012 10002 628
952.307 21109 20003 626 2313.772 11111 11101 €26
960.959 00011 10001 626 2314.049 00011 00001 828

CONTINUED

that differed by more than £0.005 cm~! from positions
generated using combination differences of vibration-
rotation levels!® were replaced by these latter estimates
and written in F10.4 format.

In a comparison of the 1980 data! for the ¥, band of
water in the 1500-2500-cm™! region with the long path
field measurements of Haught and Dowling!! and

Hanley et al.12 it was found that many of the lines of the
1980 v; data were much too strong. Inspection showed
that the lines that were overestimated exceeded the
values in the 1978 atlas!3 and corresponded to weak
lines in the band. This fact was pointed out by Ben-
edict!4 who suggested that, in the 1980 », data, transi-
tions with AK, > 3 were being inadequately represented
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Band Band* Isot Band Band* Isot

Origin v' v" Origin v' v"
2315.235 11112 11102 626 3676.709 30012 20002 626
2319.738 o111t 0110t 628 3679.552 30013 20003 626
2324.141 02211 02201 626 3692.428 20012 10002 626
2324.183 00021 00011 626 3705.948 30011 2000t 626
2326.598 10011 10001 626 3711.474 20011 10001 626
. 2327.433 10012 10002 626 3714.783 10011 0000t 626
2332.113 00011 00001 628 3723.249 11111 0t10t 626
2336.633 01111 0110t 626 3725.525 20011 10002 636
2340.014 00011 00001 627 3726.647 12211 02201 626
2349.143 00011t 00001 626 3727.399 13311 03301 626
2367.083 10011 10002 636 3799.487 30012 20003 626
2415.708 10011 10002 628 3814.251 20011 10002 626
2428.513 20011 20002 626 4005.946 00021 01101 626
2429.375 10011 10002 626 4687.799 30014 10001 626
2429.469 20012 20003 626 4748.062 20013 0000t 636
2458.158 11111 11102 626 4786.704 31113 11101 626
2614.242 20002 00001 628 4790.575 30014 10002 626
2618.637 21102 01101 628 4839.73S 30013 10001 626
2641.231 20002 00001 627 4853.625 20013 00001 626
2757.183 20001 00001 628 4887.387 20012 00001 836
3450.902 13312 03301 636 4931,089 31113 11102 626
3460.466 21113 11102 636 4942,511 30013 10002 626
3465.440 20013 10001 626 4946.823 31112 11101 626
3473.712 12212 02201 636 49%9.670 30012 1000t 626
3462.235 20013 10002 636 4977.837 20012 0000t 626
3482.833 21112 11101 636 4991.353 20011 0000t 636
3490.398 10012 00001 638 5013.781 21111 01101 636
3497.495 30001 01101 636 -5062.446 30012 10002 626
3498.758 11112 01101 636 5099.6%9 20011 00001 626
" 3500.675 21101 00001 626 5114.899 30011 10001 626
{ 3517.324 20012 10001 636 5168.600 01121 0000t 636
d 3525.20%9 10012 00001 @28 5217.675 30011 10002 626
. 3527.618 30014 20003 626 5247.834 10022 01101 626
3527.737 10012 00001 636 $291.133 02221 01101 826
3527.999 13312 03301 626 5315.714 0t121 00001 626
3550.719 30012 20001 626 5349.312 10021 01101 626
' 3556.774 30013 20002 626 584,394 00031 10001 626
3566.070 10022 00011 626 5687.170 00031 10002 626
3568.216 20013 10002 626 6075.984 30014 00001 626
3571.141% 10012 00001 628 6196.180 31113 0110t 626
3580.326 11112 0110t 626 6227.920 30013 00001 626
3587.546 10011 00001 638 6347.855 30012 0000t 626
3589.652 20012 100017 626 6356.299 31112 01101 626
' 3612.842 10012 00001 626 6503.084 30011 00001 626
3621.291 20011 10001 636 8745.114 01131 01101 636
3621.558 20012 10002 636 6780.212 00031 00001 6236
3623.384 21112 11102 636 6860.435 03331 03301 626
3625.165 21111 11101 636 6897.754 02231 02201 626
3632.911 10011 00001 636 6905.769 10031 10001 626
3638.065 10011 00001 828 6907.144 10032 10002 626
. 3639.222 11111 01101 636 6935.136 01131 01101 626
' 3641.568 12211 02201 636 6972.579 00031 00001 §&26
. . 3641.676 13311 03301 636 8192.552 10032 00001 626
3667.548 10021 00011 326 8293.953 10031 00001 626

3675.134 10011 00001 628

* The vibrational quantum identification is vivpyfvir (see Ref. 25)

: t Isotope code: 626 is 12C160,, 628 is 12Cl60180, etc.
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in the least-squares fitting procedure. Subsequent
work has shown this to be correct, and for the new atlas
we have replaced the line intensities for transitions of
this band with AK, > 3 with the corresponding 1978
values until further analysis can be performed on this
problem.

The bands in the 6.3- and 2.7-um regions and the pure
rotation bands shown in Table I (except for HDO and
the data discussed above) have been updated by in-
corporating data from Flaud et al.!5 All bands in Table
I with an asterisk after the number of lines correspond
to data previously absent from the atlas. In general the
accuracy of the line positions is better than +£0.005
c¢m™!, and the line intensities are accurate to ~20% (with
the weaker lines being somewhat less accurate). The
combination and overtone bands are much more un-
certain, however, and all the data show a deterioration
of accuracy for high J lines.

Improvements were made for the vy, 2v9, v3, v1 + v,
and 3v. bands of monodeuterated water. The data are
from the work of Toth et al.1®8 The line positions are
accurate to £0.0004 cm™! for all unblended lines and
slightly blended lines of medium to strong intensity.
The line intensities were calculated by the F-factor
formalism and included the following corrections:
centrifugal distortion, Ax effect, Coriolis-type resonance
interactions between the states (100) and (020), and
Fermi-type resonance interactions between the states
(110) and (030). For lines for which the Ax effect is
minimal and the resonant effects are minor contribu-
tions to the resultant line strengths, calculated lines are
5% or better, which usually represents the medium to
strong lines. The accuracy of the weak lines are un-
certain up to 20%. These data totally replace the pre-
viously existing corresponding data on the atlas.

The air-broadened halfwidths generated for the
bands in Table I were from the calculations of Gamache
and Davies.!” For the H,!70 and H,!80 data, no sep-
arate calculations were performed for J 2 16; the values
for these lines were extrapolated from the H2'60 cal-
culations.

Recent high-resolution measurements of several
isotopic species of carbon dioxide (CO.) have provided
access to many ro-vibration levels not observed before.
The high-temperature measurements of Esplin and
Rothman!® have determined high rotational levels,
while the experiments of Bailly et al.!® have reached
high vibrational levels in the 4.3-um region. These
observations have been combined with new laser se-
quence bands observed by Siemsen et al.2® and weak
isotopic species bands observed in the long path mea-
surements of Hoke and Shaw?! and Baldacci et al.?2
Together with the high-resolution observations that
went into the previous atlas, these new observations
have produced a self-consistent set of energy levels
which have led to improved line positions of interest in
atmospheric problems. The least-squares procedure?
has affected a majority of the 518 bands on the compi-
lation. Table II presents the bands that have had both

(~ the upper- and lower-state molecular constants refit
‘g" since the last atlas. The accuracy should be assessed
o

N 80

S
|

in terms of the highest rotational levels reached for a
particular energy level.22 Extrapolation beyond these
levels or to levels involved in weak transitions that have
no experimental verification presents the problem of
diverging series. Nevertheless, the new fit has provided
accuracies of better than 0.001 cm™! for most transitions
emanating from vibrational term values <2500 cm™! for
the two principal isotopic species of carbon dioxide.

With the exception of several weak bands in the
3.6-3.8-um region,21-2¢ the intensities have not been
updated for this edition and remain as calculated for the
1980 edition.?® It is expected that this situation will be
remedied in the near future as new intensity measure-
ments become available.?6

Several bands of the principal isotope of ozone (Oj3)
from the earlier atlases have been updated for this
edition as well as the addition of three new bands: 2
—~ v9, vy + vy, and vy + vo. The recalculated bands dis-
cussed below are the three fundamentals and the hot
bands that existed in the 10-um region. A summary of
the updated and new bands is given in Table III.

Line positions and intensities for v, and 2», — v, were
generated as described in Ref. 27. The band intensity
for the fundamental is 6.284 X 10-1% cm~1/molecule
cm™~2 and for the hot band, 4.16 X 10~20 cm~!/molecule
cm~2, based on the total band intensity of McCaa and
Shaw.28 The compilation includes all lines in this re-
gion within 4 orders of magnitude in intensity of the
strongest line with JJ up to 68 and K, up to 24 for vy, and
3 orders of magnitude of intensities with J up to 68 and
K, up to 20 for 2v9 ~ vo. Line positions are accurate to
better than 0.004 cm~!, and the intensities are accurate
to within 15%. Comparisons of synthetic spectra to
observed atmospheric spectra?® have demonstrated
good agreement. The updating of this region extends
the ozone band parameters to include the weak lines
that have been interfering with the detection of the
numerous trace species being searched for in this re-
gion.30

Line positions for the 1803 v, and v3 Coriolis inter-
acting bands have been calculated using the Watson
Hamiltonian® with Coriolis coupling terms and Ham-
iltonian constants supplied from Barbe et al.?! This
has resulted in an improvement in the line positions of
vy and especially ;. The intensities were calculated
with a dipole moment derivative ratio between the two
bands as determined by Flaud et al.3? and normalized
toa total band intensity of 1.462 X 10~!7 em~1/molecule
cm™2, achieved by multiplying the intensities of Ref. 32
by 1.113 as recommended by Secroun et al.’? All lines
with intensity >1 X 107% of the strongest line and JJ up
to 70 and K, up to 25 are included in the compilation.
The line positions in the updated data in this region are
accurate to better than 0.004 cm™!, and the majority of
the line intensities have accuracies better than 10%. A
further check for reliability was performed by com-
paring generated spectra to observed atmospheric
spectra,?® and good agreement was obtained.

Line positions for the hot bands in the 10-um region
have not been changed from the 1980 atlas values. For
the line intensities, however, the overall intensity cor-
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Table lll. Summary of New or Updated Ozone Bands for 1982 Comgpilation
BAND IsC BANOD SUM OF LINE§ RANGE # LINES JMAX SMIN§ squg
ORIGIN v v* INTENSITIES (Ci-1)
698.343 666 020 010 4.164E-20 $73- 86S 4591+« 67 9.36 E~-26 9.35 E-23
700.93186 6686 0 10 00O 6.283E~-19 560- 895 6340 69 1.40 €-25 1,490 E-21
1007.850 686 1 01 100 6.152€-20 948-1036 1185 50 5.59 E-24 1.90 €-22
1015.808 666 0 02 0 0 1 1.742E~-19 958-1048 1534 S 5.65 €-24 5.43 £-22
1025.596 666 0t t 010 4.503€E-19 969-1068 1544 45 $.59 €-24 1.38 €~
1042.084 666 00t 00O 1.3S4E-17 950-:238 5812 71 4.20 E-25 4.9 E-20
1095.329 666 1 10 01 0 1.1043€-20 979-1174 201 q4 5.56 €-24 8.41 E-23
1103.141 666 1 00 00O 6.711g-19 850-1250 5203 71 4.19 E-25 1,77 €-20
1726.5277 666 0 11 00O §.373E-20 1657-1910 1709« 55 1.15 £€-24 1.67 E-22
1796.2606 666 1 1 0 00 O 2.266E-20 1681-1927 2137 54 1.15 €-24 1,07 €~-22

oNEW BAND FOR PRESENT COMPILATION.

§ Units of cm"l/(molecule-cm‘z) at 296K.

rection suggested by Secroun et al.33 has been made to
all the lines.

In the 5.8-um region the combination bands v2 + v3
and v, + v, have been added to the compilation. The
line positions have been computed using the rotational
and coupling constants of Barbe et al.,3* and their ac-
curacy should be better than 0.004 cm~! for J < 45 or
K, < 11. The accuracy is then decreasing when ex-
trapolating to higher J or K,. The relative intensities
have been verified with an atmospheric spectrum from
Ref. 29, and their average relative precision should be
of the order of 20%. The absolute intensities have been
calibrated according to the results of McCaa and
Shaw.?8 The average overall accuracy on the line in-
tensities can be estimated to be ~30% (varying from10
to 100%).

Recent work by Hoell et al.35 and by Lundqvist et
al.38 has made it possible to improve the values of the
air-broadened halfwidths for ozone on the atlas. For
the 1978 atlas!3 a constant value of 0.11 cm~!/atm was
adopted for all ozone lines, and in the last atlas! the
value of 0.1 cm~!/atm was adopted for all updated data.
These values were from one and five measurements,
respectively. Although not sufficient to conclusively
determine J-dependence, Refs. 35 and 36 do allow the
assigning of average halfwidths for A- and B-type bands
separately. The value adopted for A-type bands is
0.083 cm~!/atm, and the corresponding B-type band
value is 0.077 cm~!/atm. The halfwidths for all the
bands in Table III adopt these new values (hence on the
whole compilation there exists these three different sets
of inputs to the halfwidths depending on the entry date
of particular transitions). It has, however, been pointed
out?? that a value of 0.066 cm~! for the A-type bands
may be more appropriate, and the whole issue of ozone
halfwidths is currently under investigation.38

It should be noted that updated parameters for the
pure rotation transitions of ozone below 100 cm~! are
available from the submillimeter catalog of Poynter and
Pickett,’ and these transitions, when extended to the
range presently covered on the AFGL atlas, will update
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the parameters of a future edition. In addition, recent
analysis of the v, + vo + v3 band at 2785 cm~! has re-
sulted in significantly improved line positions and in-
tensities which became available after the release of the
present atlas.40

The pure rotation band of the principal isotope of
nitrous oxide (N2O) from Ref. 39 has replaced the ex-
isting band on the atlas. NNO is a linear triatomic
molecule, the frequencies and lower-state energies for
the data being calculated by the standard formulas.4!
The molecular parameters were determined by a
least-squares fit to the data summarized by Lovas.+?
These transitions cover the range from 0 to 50 cm™!, and
the accuracy is generally better than 5 X 1076 cm™1.
The dipole moment used to evaluate intensities is from
Scharpen et al,%3 with an estimated accuracy of the line
intensities of ~2%. The air-broadened halfwidths ap-
pended to the data were based on the values given by
Toth.44

The pure rotation band of monodeuterated methane
(CH3D) obtained from Ref. 39 has been added to the
atlas. TheJ =0~ 1 line has been measured by Pickett
et al.¥ The predicted lines are based on the constants
given by Chakerian and Guelachvili.#é The accuracy
of the line positions is generally better than 0.0001 cm™!.
The dipole moment was measured by Ozier et al.47 and
by Wofsey et al.#® The calculated line intensities are
estimated to be accurate to 2%. Air-broadened
halfwidths were evaluated using the O,- and N.-
broadened halfwidths of Tejwani and Fox#? corrected
to 296K.

The methane parameters have been revised in the
regions covering 1071-1735 and 4136-4667 cm~!'.
Table IV summarizes the updates giving the band origin
in cm™!, the upper and lower vibrational code (v’ and
v”), the isotope code (iso: 211, 311, 212 for 2CH,,
13CH,, and CH;D, respectively), the range in cm™~! in
which the transitions fall on the atlas (g)ow and opign),
the summation of line intensities in cm~!/molecule
cm~?, the number of transitions considered in the atlas,
the minimum and maximum intensities included in the
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band (Smin and Smax), and the maximum J’ in the list
(upper-state rotational value). As can be seen in Table
IV, no changes have been made in the 3- and 1.6-um
regions for this edition.

The 1980 parameters for the 1071-1735-cm™! region
were based on the simultaneous calculation of the v, and
v4 fundamentals given by Orton and Robiette® using the
work of Gray and Robiette.5! The 1982 parameters are
a revision of the original calculation to include recent
experimental work.52-59 The vy and v4 line positions
are now generally computed using the calculated ground
state80-62 gnd experimentally determined upper states
obtained from assignment of spectral data.52-5¢ The
spectra utilized™ were recorded at 0.005- and 0.01-cm™!
resolution with a Fourier transform spectrometer (FTS)
at Kitt Peak National Observatory. The absolute cal-
ibration of line positions (on which the upper states are
based) was made using COs lines®? arising from residual
carbon dioxide at 0.05 Torr in the FTS enclosure. The
accuracies of the line positions vary from 0.001 cm™~! for
the strong unblended lines to 0.003 cm™! for the for-
bidden '3CH, lines and other weak features. The line
intensities are the calculated values from the 1980 list!
lowered by 2% to conform with a v4 band strength of 128
cm~2 atm~! at 296K.54-58 A Herman-Wallis factor of
(1 — 0.0034 m)2 was applied, correcting an error in the
1980 calculation.5%5% An additional adjustment has
been made to all », intensities,>354

S1y = Su¥avaeaic X 0.767 X (1 = 0,022 m)2, ;

wherem = —J”,0,J” + 1 for the P-, @-, and R-branch
lines, respectively. The 3CHy line intensities were
scaled to be 1.1% of the corresponding v4 line intensities,
representing the natural isotopic abundance of 13C.
The accuracy for the line intensities varies from 4% for
the allowed lines to 10% for the forbidden v, and v4 lines.
All lines with calculated intensities of 2.9 X 10—24
cm~!/molecule cm~2 or greater were included in the
list,

The parameters for the 4136-4667-cm~! region were
obtained from direct measurement of experimental
spectra. This portion of the compilation has been de-
scribed elsewhere® so that only a brief description is
recounted here. The 1980 list contained 181 lines of the
v, + v4 band from 4136 to 4268 cm~!. The present
compilation has 2055 features partially assigned to v,
+ vy, vy + vy, and vy + vy, The minimum intensity of
lines included in this second region is 1.5 X 10—2
cm~!/molecule cm~2. The air-broadened halfwidths
for this region and the v, region ar- the same as those
in the 1980 compilation.!

The parameters of methane are still incomplete even
for the 2-11-um region. The 7-um region parameters
do not include features arising from three hot bands, v,
—v,(1710ecm™1), 2v, — vy, and vo + vy — v9 (1310 cm—1),
These bands are expected to contribute an additional
500-1000 lines to the compilation with individual line
intensities of not more than 10~22 cm~!/molecule cm 2.
In the 2.5-um region, two bands, 3, (3868 cm~!) and
2v4 + v2 (4125 cm™1), give rise to lines with intensities
of 10~22 cm~'/molecule cm=2, but these absorptions are
not yet included in the parameter list. However, work
2254 APPLIED OPTICS / Vol. 22, No. 15 / 1 August 1983 83
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is in progress to correct these deficiencies.>* Above
5000 cm~! the CH4 parameters are of limited use in
making synthetic spectra for comparison purposes.
Only 142 lines of 2v; at 6005 cm~! are listed. After the
1982 compilation was issued an error was detected in the
parameters for this latter band: the individual line
intensities are too low by a factor of ~2.5.6566 However,
work on the higher bands667 of CH, indicates that the
simple formalism by which the 2v; intensities were
originally calculated®® may not provide adequate rela-
tive line strengths. In addition, many strong absorp-
tions arise between 5000 and 6000 cm~! from bands
other than 2v;. Unfortunately, no systematic mea-
surement and analysis of high-resolution data for the
2-1.6-um region of methane are currently underway to
provide the comprehensive parameters needed for re-
mote sensing applications.

All bands of oxygen (O») were modified to some ex-
tent in this atlas. The summary in Table V, therefore,
covers all oxygen transitions presently in the compila-
tion. In the third column the two-letter symbol iden-
tifies which of the three electronic transitions is occur-
ring. i.e., XX signifies a band within the electronic
ground state (X32Z)), AX signifies a transition between
the singlet delta electronic level (a!'A,) and the ground
electronic level, and BX denotes a transition between
the singlet sigma level (b!Z)) and the ground state.
Within these transitions are supenmposed the vibra-
tional transitions as indicated in the columns under v’
and v”.

In the first group of transitions in Table V (transi-
tions within the electronic ground state), besides a re-
calculation that very slightly altered the intensities of
the magnetic dipole transitions, the electric quadrupole
transitions were also included.®® The band at 1556
cm™! represents solely the latter type of transition.

New constants for the singlet delta level of oxygen™
have improved the line positions of all the bands in the
second group in Table V. In addition, the (0-1) vi-
brational band at 6326 cm™! was added in anticipation
of its significance in upper atmospheric radiance
problems. The cutoff criterion was lowered to accom-
modate this band, and the band intensity was adopted
from Jones and Harrison.”! The other band intensities
in this region were based on the work of Badger et
al.™

“.e atmospheric A bands (13120 cm~!), B bands
(14525 em™1), and v bands (15900 cm™!) were refined
in terms of the intensity calculation. These bands have
been based on total band intensity measurements of
Miller et al.,”® Giver et al.,"* and Miller et al.,’> re-
spectively. Good agreement was found between cal-
culations based on the these measurements and the
high-resolution long path-length observations per-

formed by Nakagawa et al.’® The (0-1) band and the
(1~1) band intensities were estimated from Krupenie®*
and Galkin.™®

For the millimeter electronic fine structure parame-

ters (60 GHz) and the submillimeter pure rotation
transitions, the halfwidths adopted were those given in
Ref. 77. All other transitions assumed the halfwidths
of Ref. 74.
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Table V. Summary of All Oxygen Bands on Main Compilation

BAND ISOT BAND’ sSuMm OF LIN£§ RANGF # LINES SMINi SMAX8
ORIGIN ELEC v Ve INTENSITIES (CM-1)

) 66 XX 0 0 7.231E8-24 1- 276 161 2.07 E-35 5.18 E-25

87 XX 0 0 4.537€E-27 1- 132 465 3.71 E~30 4.05 E-29

68 XX Q 0 3.033E-26 1- 214 218 1.20 E-35 1.15 E-27

66 XX 1 1 3.764€E-27 1= 207 100 2.09 E-35 2.68 E~-28

1556.379 66 XX 1 0 6.152E-27 1407~ 17C6 146 3.68 E-30 1.49 E-28
6326. X 0 1 1.129€-28 6284~ 6410 47 1.24 E-30 4.99 E-30
7::2.22: gg :X 0 0 1.816€~24 7664~ B06S 187 1.47 E-29 6.23 E-26
7883.738 68 AKX Q 0 6.745E-27 7809~ 7984 147 1.48 E-29 1.24 E-28
9365.877 66 AX 1 [} 8.626E-27 9264~ 9469 88 1.79 E-29 3.06 E-28
11564.516 X 1 7.798E=-27 1148311617 47 2.76 E-29 3.11 E-28
12869.269 gg :x ? 1 9.418E-26 12847-13011 59 4.65 E-29 3.71 E-27
13120.909 65 8X 0 0 1.946€E~22 12899-13166 91 3.47 E-29 7.71 E-24
13122.972 68 8x [} 0 7.921€-25 12981-1316S 136 3.51 E-29 1.52 €-26
144£8.826 68 BX 1 0 4.960E-26 14373-14520 108 3.03 E-29 9.58 E-28
14506.26 67 8X 1 0 1.831E-26 14453-14537 45 6.62 E-29 1.16 E-27
14525.661 66 BX 1 0 1.2186-23 14317-1455%8 79 6.37 E-25 4.82 E-25
15828.247 68 BX 2 0 8.884E~29 15846~15849 3 2.94 £-29 2.99 E-29
15902.418 66 BX 2 0 3.782&-25 15719-15928 687 3.48 €-29 1.50 E-28

t Isotope code: 66 is 1605, 68 is 160180.

let

Column under ELEC: XX is transition within electronic ground
(x3g3): AX is transition between electronic ground state and

gelta electronic state (ala); BX is transition between
tronic ground state and singlet sigma electronic state (blzs).

state
sing-
elec~

§ Units of cm"l/(molecule-cm‘z) at 296K.

The accuracy of the line positions depends to a great
degree on the rotational level attained in the measure-
ments of a vibronic state. For an estimate of the ac-
curacies of a transition in Table V we cite the original
references.’®8 Similarly, for the intensities, with the
exception of the millimeter electronic fine structure
spectrum and the submillimeter pure rotation spectrum
which are based on fundamental properties such as the
Bohr magneton and hence are accurate to a few percent,
the original band intensity observations should be
consulted.”1-75.77.78.80

The atlas now contains ~181,000 transitions of the
major isotopic variants of the molecules water vapor,
carbon dioxide, ozone, nitrous oxide, carbon monoxide,
methane, and oxygen, while covering the 0-17,900-cm™~!
spectral range. A continuing program is in progress to
improve the accuracy and completeness of the atlases
for diverse applications relating to molecular absorption
and radiance problems. Complete tables of the bands
presently in the compilation can be obtained from L.
S. Rothman.
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Theoretical calculations of N>-broadened halfwidths of H,0
using quantum Fourier transform theory

Robert R. Gamache and Richard W. Davies

No-broadened halfwidths for the pure rotation band of HzQ have been calculated for some 1600 transitions
using quantamw Fourier transform (QFT) theory. The QFT method corresponds to a quantum mechanical
second-order perturbation development of collisional broadening within the binary collision approximation.
Self-broadened halfwidths as well as pressure shifts were also calculated in this study but are not presented
here. The Nz-broadened halfwidths were used to form the data base of HoO halfwidths present on the
AFGL main gas Atlas and replace the earlier Anderson calculations by Benedict and Kaplan.

I. Introduction

Although water vapor is a minor constituent of the
terrestrial atmosphere its vibrational-rotational
structure is such that it is of major importance for
considering the absorption of infrared radiation in the
atmosphere.! It is known to play a prominent role in
determining atmospheric transmission to solar or laser
radiation and the heat balance of the lower atmo-
sphere.? '

High resolution atmospheric transmission models3
consider the absorption of radiation by a molecule? in
terms of the spectral parameters: the spectral transi-
tion frequency v, the line intensity S, the collision
broadened halfwidth v, and the lower state energy E”.
From a knowledge of the above parameters, theoretical
spectra can be computed for diagnosing experimental
observations, designing new systems and experiments,
understanding atmospheric properties, etc. It is the
purpose of the AFGL Line Atlases to catalog these
spectral parameters for the main IR absorbers of the
atmosphere® and for trace gas constituents of the at-
mosphere. Many high resolution measurements” have
been performed yielding accurate parameters for the
line positions, lower state energies, and line intensities
of water vapor. Absent from the literature are similar
extensive measurements of collision-broadened

When this work was initiated both authors were with University
of Lowell, Center for Atmospheric Research, Lowell, Massachusetts
01854; R. W. Davies is now with GTE Laboratories, Inc., 40 Sylvan
Road, Waltham, Massachusetts 02254.

halfwidths for HyO. Thus one must rely on theory to

_evaluate halfwidths in order to extend the data base.

For water vapor some accurate measurements of
halfwidths are available®-22 to compare with theoretical
calculations. These measurements usually concentrate
on medium-to-strong intensity lines that are isolated
(no overlap with adjacent lines) in the spectrum.

The purpose of this paper is to report calculations of
Ny-broadened halfwidths for water vapor that form the
data base used to evaluate the air-broadened widths for
H,0 present on the AFGL main gas compilation.
These calculations were performed using the quantum
Fourier transform (QFT) theory?® of collisional
broadening and replace the earlier Anderson-Tsao-
Curnutte2¢ (ATC) values of Benedict and Kaplan.25

The QFT method was derived®® using graphical
many-body techniques and corresponds to a complete
quantum mechanical treatment of the problem.
However, within the binary collision approximation, the
main differences between the QFT formalism and ATC
theory are (a) QFT theory rigorously conserves mo-
mentum and energy in the collision process (in the ATC
approach both angular deflection and change in kinetic
energy of the colliding molecules are ignored) and (b)
the QFT treatment includes a Boltzmann average over
the initial translational state (ATC simply uses the
mean relative thermal velocity). The QFT method is
expected to be more appropriate especially for weak
transitions. This can be seen from Ref. 26 where a
limited comparison of QFT, ATC, and experimental
results was presented for N, broadening of HoO. An
explicit comparison of QFT, ATC, and experimental

results has also been carried out by Mandin et al.27 for

Received 17 August 1983, self-broadening of H;O. Both methods of calculation
0003-6835/83/244013-07$01.00/0. indicated an improvement over the previous results
:: © 1983 Optical Society of America. tabulated by Benedict and Kaplan.25 The general
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tendency is for the QFT treatment to yield somewhat
narrower halfwidths, particularly for weaker transitions
involving large collisional energy denominators. This
is primarily due to the more rapid fall-off of the QFT
resonance functions [the analog of the ATC F(k), f(k)
functions] for large rotational energy differences. Part
of this more rapid fall-off is in turn due to the fact that
an explicit Boltzmann average over velocities is included
in the QFT theory. Itis known that a similar average
of the ATC theory also leads to narrower linewidths,
however, this is frequently not done because of the in-
creased computational time.

- o~ b | . [P Y
Dde to COmpumtAuu luuu.auuua, uuuwxuulb for ~100

transitions were tabulated in Ref. 26. New techniques
have allowed us to extend the calculations to generate
the present data base of Ny-broadened halfwidths of
water (1600 transitions), as well as self-broadened
halfwidths and line shifts for the same transitions. The
N,-broadened halfwidths of Hs0 are presented in Table
I. Tables of self-broadened halfwidths and pressure
shifts of HoO are available on request to one of the au-
thors (RRG).

In Sec. I we briefly describe the theory as applied to
N, broadening of water vapor lines. Section III de-
scribes the molecular constants and data necessary to
perform the calculations, and the numerical results are
presented.

B. Theoretical .

The quantum Fourier transform theory of second-
order pressure shifts and widths was derived in detail
in Ref. 23. A comparison of QFT theory with ATC
theory and a casting of the QFT equations into a form
similar to the ATC equations were presented in Ref. 26.
Readers interested in the general theory are referred to
the above articles. Here we briefly summarize the
theory as applied to Ny broadening of water vapor.

The charge distribution of HyO can be approximated
as a sum of a dipole and a quadrupole term. The
leading term for N is the quadrupole term. These give
rise to the following interactions: dipole (H50) inter-
acting with quadrupole (N2) and quadrupole (H;0)
interacting with quadrupole (N3). Because of the rel-
ative magnitudes of the dipole and quadrupole mo-

'ments of water, the second term (g—q interaction) con-

tributes at most 10% to the halfwidth?® (usually the
contribution is ~3-5%). In our calculations we consider
only the dipole (H20)—quadrupole (N2) interaction in
the formalism. A similar procedure was employed in

“the earlier calculations of Benedict and Kaplan.?®

The halfwidth for the radiative transition { — f is
given by (cm~!/atm)

vir = (n_v) IOV T m
2xcl J,

where n is the perturber density (N2) at 1-atm pressure
and temperature T (n = ny 273/T),c = veloclty of light,
v is the mean relative thermal velocity given by v = [8
kRaT/xm]'/2, m is the reduced mass, and p(J3) is the
Boltzmann factor for perturber state /5.

Fl‘gr the dipole—quadrupole interaction, QFT theory
yields

4014 APPLIED OPTICS / Vol. 22, No. 24 / 15 December 198387

a,,,,1=1r{b;-;+ f'abdbs.»,,,,(b) . @
ba

or

iy = wh3[1 + Siruylboll, 3
where, in a notation similar to Benedict and Ka-

plan,25
Qv)
it aalb .
St (b = (2251)(

[7 DG VQ(So,d 2)g (ki)

Jo

+ }: Di.f )Q(Jz,Jo)g(k/)] €1]

- d 1Q2J
Sit.nlbo) (22511') (

x [ ¥ DGR )G R
id,

+ T D(f.f')Q(Jg,J'g)G(k,b‘ . (5)
iy

In the above equations d, is the dipole moment of the
radiator (Hy0), Q; is the quadrupole moment of the
perturber (Ns), and b is the impact parameter. The
various D (i,i’) are reduced dipole matrix elements of the
radiator which satisfy the sum rule

Z; DG’ = 1. (6)

The Q(J4,J5) are reduced quadrupole matrix elements
of the perturber, and the sum on J, is determined by
quadrupole transition selection rules. The functions
g(k) and G(k) are the resonance functions of QFT
theory; for the d—q case these are given by

4 k
g(k) =exp (———z) , (7N
TQa
= k'dk’
k) = 2k4 k’ k > 0).
Gy =2k [T Cpw) (k> 0) (8)
In the above expressions k is the resonance factor
ki = M (E, - B¢ + Egy = Epy), ©

where the energies are in cm™! and correspond to the
rotation-vibration energy difference between the initial
(t,J2) and final (i’,J5) collisional states.

As discussed in Ref. 26, the QFT theory may also be
employed to compute pressure shifts of spectral tran-
sitions. In all our calculations the pressure shifts were
evaluated, however, we shall not present these results
in this paper.

The scalmg parameter a was introduced in QFT
theory in order to obtain a cutoff procedure similar to
ATC's and is not given a priori. The method used for
fixing a was to choose the best available value for the
quadrupole moment of the perturber and then to adjust
« to match a well-measured calibration line. In ATC
theory the corresponding procedure is to adjust the

ondian S e afeehat e e Jeun e et _vv-_T
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Table l. Nj-Broadened Halfwidths for H,0 In units of cm™/atm, Initlal Slate Vs Transition Type AJ(AX,,AK.)

Initial Initial
State Transition State Transition
J K‘ Kc Q(1,-1) R(2,1) R(3,-1) R(-1,3) J K‘ Kc Q(1,-1) R(1,1) R(3,-1) R(-1,3)
0 0 0 1058 1 1 1 1043 .1096
1 0 1 .1162 Jd121 2 1 2 .1041 +1060 .1088
2 0 2 1101 <1104 .1007 3 1 3 .1019 .1069 <1042
3 0 3 .1080 .1069 .1005 “ 1 4 .0962 .1070 .0930
4 0 [ <1067 09758 .0953 S 1 S .0865 .1028 .0779
5 <] 5 .1000 .0812 .0853 6 1 6 0747 .0932 .0618
6 0 6 .0868 .0628 .0738 7 1 7 .0616 .081S .0u68
7 0 7 .069% .0466 .0621 8 1l 8 .0u92 .0678 0347
8 0 8 0814 0341 .0518 9 1l 9 .0388 .0817 .0257
9 0 9 .0363 .0251 0436 10 1 10 .0314% .0370 0194
10 0 10 +0256 .0189 .0373 11 1 1l .0253 .0258 .01583
11 0 11 .0188 .0150 .0318 12 1 12 .0202 .0186 .0127
12 0 12 L0147 L0125  .0268 13 1 13 .0166 LOLbu L0112
13 0 13 .0122 .0111 0241 1s 1 1 .0139 .0121 .0103
14 G 1 .0108 .0103 .0220 15 1 15 0121 .0108 .0099
15 0 15 .0102 .0099 .0188 16 1 16 .0110 .0101 .00987
16 0 16 .0098 .0097 .0166 17 1 17 .0103 .0088 .0096
17 0 17 .0096 .0096 .0lu8 18 1 18 .0099 .0096 .0095
18 0 18 .0096 .0095 .0132 19 1 19 <0114 .0096 .0095
19 0 19 .0095 .0098 .0120 20 1 20 .009S
20 o 20 .0095 2 2 1 .0822 .1039
1l 1 0 .1087 3 2 2 .0911 .09u4 .1040
2 1 1 +1049 .1065 4 2 3 .0900 .0973 .1008
3 1 2 .101§ .1080 .0908 S 2 4 .0865 .0986 .09l8
4 1 3 .1025 .1020 .0936 6 2 5 .0806 0974 .0783
S 1 4 .1037 .0%60 .0929 7 2 [ .0727 .0938 .0633
6 1 S .1009 .0852 .0858 8 2 7 .0632 .0859 0496
7 1l 6 .0921 .0703 0742 9 2 8 .0537 .0760 .0386
] 1l 7 .0806 0542 .0607 10 2 9 .0u60 .0666 .0311
9 1 8 .0669 04808 0u87 11 2 10 .0391 .05u8 .0251
10 1 9 .0812 .0306 +039% 12 2 11 .0328 JOulN .0200
11 1 10 .0366 .0232 .0329 13 2 12 .0278 .0297 .0165
12 1 11 .0256 .0183 .0289 14 2 13 .0250 0214 .0139
13 1 12 .018S .01u48 .0272 15 2 1s .0227 .0161 0121
1u 1 13 .01y .0126 .0267 16 2 1§ .0193 .0131 .0109
15 1 1 .0121 .0112 .0257 17 2 16 .0169 0114 .0103
16 1 15 .0108 .0104 .0235 18 2 17 0150 .010§ .0099
17 1 16 .0101 .0100 .0223 19 2 18 .0134 .0100 .0097
18 1 17 .0098 .0097 .0223 20 2 19 .0121 -
9 1 18 .0096 .0096 .0201 3 3 1 0728 .09us
20 1 19 .0086 4 3 2 L0743 .0773 .0983
2 2 0 .0932 .1065 1) 3 3 .0770 .0810 .0982
3 2 1 .0938 .0961 <1047 6 3 4 .0766 .0838 .0934
[ 2 2 .0972 .0986 .0872 .1026 7 3 N .0740 .0857 .08S1
S 2 3 .1000 .1002 .0912 .1007 8 3 6 .0688 .0858 .0728
6 2 u .1010 .0973 .0920 .0946 9 3 7 .0609 .0843 .0589
7 2 5 .1012 .0897 .0879 .0854 10 3 8 .0825 .0803 L0471
8 2 6 .0972 .0804 .0808 .0787 11 3 9 .0u56 .0719 .0388
9 2 7 .0886 .0683 .0695 .0642 12 3 10 .0u00 0643 .0324
10 2 8 .0777 0549 .05u48 .0500 13 3 1 .0352 .0870 .0270
11 2 9 .0669 0431 .0ul0 +0361 1ls 3 12 | ,0326 0473 0242
12 2 10 .0540 .0333 .0313 .0254 18 3 13 .0308 .0377 s .0221
13 2 11 .0403 .0272 .0251 .0l18u 16 3 1w .0278 .0288 .0188
1k 2 12 .0288 .0238 .0211 .01u43 17 3 1§ .0252 .0227 .0166
15 2 13 .0202 .0197 .0187 .0l120 18 3 16 .0239 .01086 .0lu8
16 2 1l .0182 0171 .0101 .0108 19 3 1?7 .0236 <014l .0133
17 2 1§ .0128 .0150 .0194 .0101 20 3 18 .0211
18 2 16 .0110 .0134 .0216 .0098 4 [} 1l .0560 .0838
19 2 17 .0103 .0121 .0232 .0096 5 § 2 .0604 .0625 .0900
20 2 18 .0098 [ '} k| +OoB6u2 D664 .0939
3 3 0 0740 0904 7 [ ) .0658 .0677 .0938
4 3 1 .0791 .0817 .0810 8 4 5 .0652 .0689 .0882
5 3 2 .0871 .0086 .0800 .0821 9 [} 6 .0621 0674 .0790
[ 3 3 .0934 .0922 .08u8 .0917 10 [} 7 .0582 .0689 .0688
7 3 “ .0970 0943 .0889 .0918 11 ] 8 QU686 .0712 .0562
8 3 $ .0970 .0926 .0089 .0889 12 L] 9 .038% 0712 0629
9 3 6 0948 008586 <0034 .0813 13 4 10 .0335 .0668 .0331
10 3 7 .0920 .0763 .0753 .0723 14 v 11 .0306 0582 .0206
11 3 8 .0053 .0665 .0666 .0639 15 v 12 .0296 .0821 .0273
12 3 9 +07u48 <05un .0548 .0528 16 v 13 .0288 .0u8l .0260
13 3 10 0649 0419 «0u13 .039%9 17 L. Y .0273 0426 .02386
14 3 11 .0560 .0339 0298 0284 18 4 18 .0270 0348 .0223
18 3 12 082 .0297 .022u% ..0203 19 4 16 .0280 .0272 .0223
16 3 13 034§ .0287 .0103 .0153 20 8 17 .0269
17 3 1 .0256 .0232 0156 .0126 - H 1l 04u3 .0679
continued
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I ¢ Table . Continued
- - —
W Initial . Initial
E.' State Transition State Transition
& J K, K Q€1,-1) R(1,1) R(@3,-1) R(-1,3) J X, X, Q(1,-1) R(1,1) R(3,-1) R(-1,3)
- 18 3 1§ .0195 .0227  ,0139 .0111 6 5 2 .0u8s L0501 .07u6
e 19 3 16 .0156 .0203 0130 .0103 7 s 3 L0534 .0556 .0800
b 20 3 17 .0111 8 5 L0554 .0560 .08uQ
" « & 0 .0566 .0751 9 5 5 .0560 9568 L0847
5 & 1 .0624 L0643 .0765 10 S 6 .05u5 L0542 .0813
" 6 4 2 .0698 L0711 .0657 .0778 11 5 7 L0493 .0u86 .0730
7 % 3 .0765 .0768 0714 .0791 12 5 8 .0u16 L0486 .06uy
8 4 o .0820 .0805  ,0763 .0802 13 5 3 L0342 .0537 .0563
- , 9 uw 5 .0859 .0832  ,0806 .0819 1w 5 10 .0287 .0875 L0487
10 4 6 .087s .0836 .0816 .0819 15 s 11 L0246 .0583 .0350
11 & 7 .0852 .0800 ,0781 .0781 16 5 12 .0216 .0548 .0264
12 & 8 .0816 0715 .0701 .0701 17 5 13 .0199 .0u70 .0218
13 & 9 .0789 .0631  .0626 .0626 18 5 14 .020u .0u08 .0209
s 4 10 0724 L0854 ,05Su .05§7 19 5 15 .0225 .0360 L0217
. 1S & 11 .0622 L0us1 0452 .0us7 20 S 16 L0242
16 4 12 .0537 L0387 0348 .035§ § 6 1 .0363 .0835
' 17 & 13 L0472 .0272  ,0260 .0268 7 6 2 .0396 L0411 .0573
18 & 1% L0401 .0250 .0202 .0207 8 6 3 L0450 .0u73 .0619
19 & 18 .0318 .0280  .0167 .0166 9 6 4 L0482 L0491 .06us
20 4 16 .0188 10 6 S .0ug9g .0u89 .0686
s § 0 .OuLS .0623 11 6 6 .0u77 L0464 .0708
6 5 1 .0u8g .0505 L0644 12 6 7 L0835 .0u07 .0713
7 5 2 .0549 .0568  ,0519 .0660 13 6 8 .0370 L0341 .0673
8 5 3 .0892 .0692 0853 L0641 s 6 9 L0304 .0320 .0590
3 s u .0626 L0626 0593 .0627 15 6 10 .0255 .0358 .0519
10 5 S L0651 .0630 0618 .0626 16 6 11 .0222 L0412 .0u6u
11 5 6 .0681 .0662  ,0859 .0660 17 6 12 .0198 L0455 .0397
12§ 7 .0722 .0698  .0690 .0693 18 6 13 .0178 L0471 .0316
13 5 8 .0738 .0705  .0698 .0699 19 6 1u L0159 .OLuE .0190
4 5 9 .0709 .0666  ,0657 .0658 200 6 15 .0145
15§ 10 .0668 .0582  ,0576 .0585 7 7 1 .0309 .Ouul
16 5 11 .0650 .0512  ,0510 .0530 8 71 2 .0338 .035u .0u70
17 s 12 .0601 L0460  .0459 L0479 s 7 3 .0391 .0413 .0u98
18 5§ 13 .0822 .0395  ,0395 L ou21 10 7 wu L0430 .0uu2 .0505
19 5 1 L0449 .031%  ,031§ .0339 11 7 s .046e L0uu3 .0498
20 S 1S .0350 12 7 6 L0429 L0413 .0506
6 6 0 .0363 .0519 13 7 7 .0387 .0359 .0533
7 6 .0397 L0812 .0533 7 8 .0328 L0294 .0573
8 6 2 .0us2 L0474 0428 .0559 15 7 9 .0267 L0240 .0583
3 6 3 .089Y L0497 0456 .0553 16 7 10 .0221 .0219 .0549
10 6 u .0507 .0503 0476 L0521 17 71 1 .0195 .0232 L0473
11 6 § .0504 .Qu86 . 0478 L047u 18 7 12 .0179 .0268 L0410
12 6 6 .0u80 L0849 046 .0u39 19 7 13 .0166 L0315 .03u8
13 6 7 L.0u8l .0u66  .0477 L0467 200 7 1w L0183
1w 6 8 .0533 .a528 0521 .0523 8 8 1 L0271 .0380
- 15 6 9 .0583 .0568  .056S .0566 9 8 2 .0299 .0317 .0ul12
16 6 10 .0602 .0580  .0S77 .0578 10 8 3 .0351 .0373 L0436
» 17 & 11 .0576 L0847 0543 .0543 11 8 & .0392 .0uOu .0u36
18 6 12 .0533 L0470 0487 L0870 12 8 S .0407 .0u06 .0u16
19 6 13 .0818 .0u07 . 0u06 .0428 13 8 6 .0391 .0376 .0378
20 6 1 L0473 v 8 7 L0349 .0323 .03u8
s 7 7 @ .0309 .0438 15 8 8 .0293 L0264 .03s8
: 8 7 1 .0338 .0354 L0460 16 8 9 .0237 .0210 .0409
s 7 2 .0392 L0414 ,0369 .0430 17 8 10 .0192 . 0178 .Ouss
~ 10 7 3 .0u3l L0843 0400 L0482 18 8 11 .0166 .0163 L0671
11 7 L0467 L0u46 . Du16 L0459 19 8 12 .0158 .0165 .0uu?
- 12 71 s .0u3s L0417 0408 L0412 20 8 13 L0149
13 7 6 .0395 L0365  .0375 .0352 9 9 1 L0243 .0339
- w7 7 .03u2 .0309  .0333 .0302 10 9 2 .0272 .0290 .0373
15 7 8 .0317 .0303  ,0316 .0305 11 9 3 .0322 L0342 .0396
o\ 16 7 9 .0353 .0350  .0350 .0351 12 9 .0360 .0370 .039S
b 17 7 10 .0u1l .0u06  .0u0S . 0406 13 9 5 .0371 .0368 .0370
[} 18 7 11 .0u6l L0852  ,0uS1 .0us2 v 9 6 .0352 .0338 .0329
A 19 7 12 L0882 L0470  ,0u68 L0469 15 9 7 .0311 .0289 .0279
Ve 20 7 13 .0u63 16 9 8 .0261 .0237 .0238
g8 8 0 .0271 .0379 17 9 9 .0211 .0190 .0231
v 9 8 1 .0299 L0317 .0u10 18 9 10 L0171 L0185 L0265
10 8 2 .0352 .0373  ,0330 L0u32 19 % 1 L0168 .N137 .0313
W 11 8 3 .0392 L0404  ,0362  ,0u430 20 9 12 .0133
12 8 .0407 L0806  ,0376 L0409 10 10 1 .0221 .0309
: 13 8 5 .0392 L0376 0383 .0366 11 10 2 .0250 .0267 L0343
t 1« 8 ¢ .0350 .0328  ,0326 .0311 12 16 3 .0297 L0314 L0362
- 1 8 7 .0295 .0265  .0278 .0256 13 10 & .0328 .0336 L0358
o 16 8 @ .0240 .0215  ,0233 .0216 1 10 S .0333 .0328 LR
. 17 8 9 .0210 .0200 .0210 .020$ 15 10 6 .0311 .0297 L0793
18 8 10 .0225 .0223 0224 .0225 16 10 7 .0272 L0254 .0Twe
1Y cont inune:
k‘,
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SRR ERE, 8 S Xty

Initial Initial i
State Transition State Transition :
J Q€1,-1) R(1,1) R(3,-1) R(-1,3) J K, K Q¢1,~1) R(1,1) R(3,-1) R(-1,3)
19 +0265 .026% .0263 .0265 17 10 8 .0228 .0209 .g201
20 0315 18 10 9 .0187 .0170 .016%
9 .02u3 .0339 19 10 10 .0154 .0181 .0160
10 .0272 .0290 .0373 20 10 11 .0131
11 .0322 0362 .0302 .0396 11 1 1 .0202 .0285
12 .0360 .0370 .0331 .039% 12 11 2 .0229 .02u3 .0314
13 0371 .0369 .0340 .0369 13 11 3 .0269 .0203 .0327
16 «0353 .0338 .0323 .0327 1% 11 .0293 .0297 0318
15 0312 .0290 .0287 .0276 15 11 H) .0291 .0285 .0291
16 .0261 .0237 0262 .0226 16 11 6 .0268 .0256 .0253
17 .0212 .0190 .0200 .0186 17 11 7 .0233 .0219 .0212
18 .0172 .0156 .0166 .0163 18 11 8 .0196 .0182 .0176
19 0182 .01uS .0150 .0185 1 11 9 .0164% .0182 L0148
20 «0185 20 11 10 .0138
10 0 .0221 .0309 12 12 1 .018u4 .0260
11 1 .0250 .0267 L0343 13 12 2 .0207 .0217 .0281
12 2 .0297 L0314 ,0277 .0362 DU ¥ 3 .0239 0249 .0288
13 3 .0328 .0336 .0201 .0357 15 12 [ 0254 .0256 .0275
14 4 .0333 .0328 .0303 .0331 16 12 S 0248 0243 0289
18 ) 0311 .0297 .0283 .0290 17 12 6 .0226 .0217 .0216
16 6 0272 .0254 0249 L0024k 18 12 7 .0198 .0187 .0183
17 ? «0229 .0209 .0211 .0200 19 12 8 .0169 .0188 .01558
18 8 0187 .0170 .0176 .016S 20 12 9 ~0luu
19 9 0154 .01lul L0167 0143 13 13 1 .0l64% .0232
20 10 10 .0131 s 13 2 .0182 .0189 0245
11 11 0 .0202 .0285 15 13 3 .0206 .0213 <0267
12 11 1 .0229 L0263 0318 16 13 4 021§ 0216 .0233
13 11 2 .0269 .0283 .0252 ,0327 17 13 S .0208 0205 .0210
v 11 3 .0293 .0297 .0268 ,0318 18 13 6 .0191 .018$§ 0184
15 11 4 .0291 .028S§ .0268 .0291 19 13 7 .0171 .0162 .0159
16 11 S .0268 .0256 .02uu .0253 20 13 8 vOlu9
17 11 6 .0233 .0219 .0214 .0212 14 1u 1 «0luy .0201
18 11 7 .0196 .0182 0184 .0176 15 1w 2 .0187 .0162 .0209
19 11 8 .0l64 0152 .0156 v .0187 16 1u k) J017% .0179 .0208
20 11 9 .0138 ! 17 1l& & .01680 .0182 .0196
12 12 0 0184 ,0260 19 1u 6 .0168 .0164 .0160
13 12 1 .0207 L0217 .0281 20 1w 7 .0183
1w 12 2 .0239 0249 .0224 .0288 15 15 1 «0126 0171
15 12 -3 .0254% .0256 .023u .0278 16 15 2 .0136 0140 .0176
16 12 & .02u8 0243 .0226 0289 17 15 3 0148 .015% .0175§
17 12 - .0226 .0217 .0208 .0216 19 1§ 5 .0162 .0163 .0158
18 12 6 .0198 .0187 .0185 .0183 20 1§ 6 .0156
19 12 7 .0169 .01580 .0163 018§ 16 16 1l .0111 0145
20 12 8 JOlub 17 16 2 .0121 .0127 .0151
13 13 0 L0164 .0232 19 16 & .0150 .0133 .0156
1 13 1 .0182 .0189 L0208 20 16 3 ,0119 :
15 13 2 .0206 .0213 .019% L0287 17 17 1 .0100 .0130
16 13 3 .0218% .0216 .0199 .0233 19 17 3 0114 0118 .0137
17 13 [ .0208 .0208 .0194 .0210 20 17 4 .0085
18 13 S .0191 .018S .0184 .0184 18 18 1 0118
19 13 6 L0171 .0162 .0170 L0159 19 18 2 .009S
0 13 7 .0149
1% 1u 0 .0lhu .0201
15 1% 1 .0187 .0162 .0209
16 1u 2 .0174 .0179  ,0167 .0208 .
. 17 1m 3 .0180 .0182 .0175 .0196
- 18 1% L) .0176 .0173
. 19 1% S .0168 .016%  ,0150 .0160
. 20 1w 6 .0153
F.- 15 1§ 0 .0126 .0171
t:" 16 15 1 .0136 L0140 .0176
Yo 17 1§ 2 0148 L0154 L0141 L0178
' 19 1§ “ .0162 .01863 0144 .0158
h 20 1§ ) .0156 -
r~ 16 16 O L0111 014§
E.' 17 16 1 .0121 .0127 .0151
}.‘ 19 16 3 .0150 .0133 .0156
N 20 16 4 .0119
. 17 17 0 .0100 .0130
W~ 19 1?7 2 0114 L0114 .0137
. 20 17 3 .0095
16 18 O .0095 .0132 L0111k
i 19 19 1 .0095 .0120 .009%
e
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quadrupole moment value of the perturber to fit a cal-
ibration line (for example, see Ref. 25).

All that remains is to evaluate by, the minimum im-
pact parameter; this is obtained by solving the implicit
equation

8iraq(bo) = 1. (10)

The formulas in this section provide a complete de-
scription of the theory except for the introduction of the
parameter bmi, employed in the earlier calculations of
Benedict and Kaplan.25 This minimum physically
believable value of the cutoff is used as follows: if by,
< bg [as determined by Eq. (10)] use by in the calcula-
tion, otherwise use byn in place of bg. The dependence
of the results on the choice of by, for the HoO-Nj sys-
tem is discussed below.

In Ref. 26 it was found that, to obtain a fit to the very
narrow (high /) lines measured by Eng et al.,18-20 it was
necessary to reduce the constant by, to a value of the
order of 1.4 A. This is much smaller than the Benedict
and Kaplan choice of 3.2 A and can really only be re-
garded as a phenomenologicai adjustment. In addition,
for intermediate J lines it was found that the choice,
bmin = 1.4 A, tended to underestimate the halfwidths
for a number of transitions. Therefore, in compiling
the present results for the AFGL Atlas, it was decided
to use a compromise value of b, = 1.75 A. It should
also be noted, from the results presented in Ref. 26, that
the strong (low J) lines are totally insensitive to re-
ducing b i, below the Benedict and Kaplan value of 3.2
A. Therefore, for the results presented in this paper,
one may anticipate that the choice of by, plays a minor
role for transitions with various J < 10.

Hl. Results and Summary

Calculations of Na-broadened halfwidths were per-
formed for ground state transitions of Hy60. Wave
functions were calculated using a Watson-type Hamil-
tonian and the constants provided Iy Clough.?? The
reduced dipole matrix elements for H,O were evaluated
using the expansion of u given by Clough et al.30

The quadrupole moment of N, @ = 3.04 X 10~ esu
c¢m?, was taken from Stogryn and Stogryn.3! In all the
calculations, b i, was set at 1.75 X 1078 cm and the re-
duced mass used in Eq. (1) is 1.832 X 10-23 g,

Using the 5,2,3 — 6,1,6 microwave line studied by
Becker and Autler,8 corrected to air according to YN, =
1.1045 v,ir = 0.0961 cm~!/atm,20 as a calibration line
we fix the scaling parameter « at 2.79.

In Table I the resulting N,-broadened halfwidths are
presented in units of cm~!/atm. The initial state
quantum numbers, J, K,, and K, are given and the
halfwidths are listed as a function of the type of tran-
sition, i.e., AJ (AK,,AK.), from the initial state. The
table lists halfwidths for Q(1,—1), R(1,1), R(3,—-1), and
R(~-1,3) transitions. Using the relations

Y{Q(L,=1)] = y[Q(~1,1)}, (an
and

Y[R(AK,,AK,)] = ¥[P(-AK,,~AK,)], (12)
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halfwidths for P and Q(—1,1) transitions can be ob.-
tained. The listing is further broken up into even and
odd (J/ + K, + K_.) initial states.

In summary we have calculated Nu-broadened
halfwidths for ground state transitions of H.Q via
quantum Fourier transform theory. The importance
of accurate halfwidths for applications in infrared re-
mote sensing or spectral analysis is well established.32-%
The results in Table | have been used to generate a
halfwidth data base for some 1600 transitions.

Using the relationship given in Ref. 20,

Yar = 0.90 YN, (13)

we have generated air-broadened halfwidths for water.
These halfwidths form the data base for H;O for the
AFGL main gas compilation.’ [n the compilation, the
vibrational dependence is assumed negligible and the
above air-broadened widths have been added :o all
water bands below 13000 cm~! in the Atlas.

In general, the halfwidths presented here have a rel-
ative accuracy of ~15% with some high J/ transitions and
weak intensity transition being somewhat less accu-
rate.

We would like to thank S. A. Clough and L. S. Roth-
man for their helpful comments and suggestions. We
would also like to thank Justinne Gamache for proofing
the table of halfwidths.

This work was supported by the Air Force Office of
Scientific Research through AFGL task 2310G1.
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THEORETICAL N2-, 02-, AND AIR-BROADENED HALFVWIDTHS OF OZONE CALCULATED BY
QUANTUM FOURIER TRANSFORM THEORY WITH REALISTIC COLLISION DYNAMICS.

Robert R. Gamsche, The Center for Atmospheric Research, The University of
Lowell, Lowell, MA 01854 USA
Richard W. Davies, GTE/Sylvania Laboratories, Waltham, MA 02154 USA

Lasrence 8. Rothman, Air Force Geophysics Laboratory, Hanscom AFB, Bedford,
MA U3A

Abstract

We have evaluated collision broadened halfwidths of ozone with
aitrogen, oxygen, and sir as the perturbing gases. Ve show that

it is importamt to oconsider more realistic collision dymamics in
the calculations. By replacing the classical path trajectories by
linear trajectories with constant velocities chosen to give the
equations of motion exact to first order in time we develop the
interruption function in terms of the actual distance of closest
spproach deiermined by the intermolecular potential and the velocity
at this point. This improvement to the theory results in halfwidths
which are in good agreement with experimental measurements. The
temperature dependence of the halfwidth has been determined for 126
transitions for N,-broadening and for 10 transitioms for O,-broademing.
Comparison with experimental messurements is given.

1. INTRODUCTION

Because of its importance to our plamet, the nature of ozome im the
atsosphere must be well unmderstood. One of the more powerful methods to
study atmospheric ozone and monitor its concentration is infrared remote
sensing of total column density and concentration-altitude profiles. To
implement remote sensing techniques an sccurste kmowledge of the wavenumber,
intensity, and collision broadenmed halfwidth of ro-vibrational tramsitions
is necessary. Unfortunately most spectroscopic studies have concentrated onm
obtaining wavenumbers, strengths, and assignments. Relatively few studies
have reported collisional broadened halfwidths of ozome (1-5). Together they
total some hundred and fifty tramsitions oaly.

For ozone some theoretical calculatioms of collision broadened
halfwidths have been performed (6~8). The calculations are difficult owing
to the types of intersctions that must be considered for ozome. In the first
two studies (Q-Z) the moleoular quadrapole constsants were not well knmown,
producing  imaccurate results. The 1last study (8) did wuse improved
quadrupole moment components, however only tem tramsitions were studied. In
all of these studies the classical path Anderson-Tsao-Curnutte (ATC) method
was used to determine the halfwidths, and the corresponding pressure shifts
wvere not evaluated. We have performed convemtional ATC calculations on =135
transitions which have been experimentally studied and find the theoretical
values some 20 to 35% too low. In order to better interpret infrared remote
sensing results for ozome, collision broademed halfwidths must be determined
more sccurately and for a broad range of tramsitions.
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Ia this paper we report halfwidths and shifts for N,~ and O,~, and
sir— broadeaing of ozone calculated by the ATC method und by the qnnntu-
Fourier transform (OFT) method with improved dynamics, ATC-ID sad (QFT-ID)
respectively. These theories are refined to consider wmore realistic
collision dymamics than those obtained from classical straight path
tzajectories and yield wmuch better agreement with experiment. The
application of approximate trajectories in binary collision calculations was
first dome by Tipping and Herman (9). Thoir method and eoxtemsions of the
method have been applied by Bonmamy el. al. (10) and by Berard and Lallemand
(11). In all studies, improved results were obtained using these methods.

2. THEORY

In Reference 12 a complete description of the QFT-ID theory is given,

here we summarize the main features of the theory. As s startimg point we
take the classical path ATC method or QFT wethod which considers an
anisotropic interaction between the radiating and perturbing molecules which
is treated in the usual second order perturbation theory. As an improvement
in the theory we consider approximate trajectories which better represent
actusl trajectories and which are described by an isotropic potential. Here
as in other works (9~11) which use spproximate trsjectories a Lennard-Jones
potential is used. The resulting equations of motion can be solved by
expanding in a time series (t=0 at r=the distance of closest approach) and
evaluating the integrals numerically. For ozomne-perturbing gas systoms this
o approach 1is too difficult lnd time consuming so we wmust rely on
. approximations.
. The spproach adopted hoto is to use limear trajectories with constant
velocities chosean such that the equations of motion are correct to first
order in time. This corresponds to replacing b (impact parameter) and v in
the iaterruption function by the distance of closest approach r_ and the
relative velocity at this point v, A8 determined from the potontlnf This is
shown in figure 1 where the classical path at b (straight solid 1line) is
related to the first order im time trajectory at re (straight dashed line)
by the actual trajectory (curved line) determimed by s potential.

e ———-

L Ft

Figure 1 Comparison of classical path, first order in time and
sctual trajectories.

Before the interruption fumction csan be evaluated the classioal parameters b
and v must be related to the distance of closest approach r, and the
relative veloeity Yee This is accomplished through the equations for
coasezvation of energy and momentum in the collision.
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; 3. CALCULATIONS

We have performed calculations via QFT-ID theory onm the O s~N; and O~

O, systems. In these ocalculations we have considered the dipola(o )-

quadrupole(N, or 0,) interaction(d-q) and the quadrupole(0, )-quadrupole(N

or 0,) intoraction(q—q) Explicit vibrational dependence was taken into

. tceonnt for the ground, p, and p, states of ozome using very accurate
Hamiltonisn constants for these states (12). The molecular constants used in

the csloulations are given in Ref. 12 and are inm all cases reprodacible and
confirmed by several studies. In all calculations, the d-q and gq—q

interactions arising from Anderson’s S,-1 term were also included. For

} the QFT theory, as in ATC theory, the nnmerical coefficients for the middle
o term are just twice those givem for the outer terms. The asymmetric
X quadrupole moment of O, was included using precisely the same formalism as
developed by Yamamoto and Aoki (6), and our defimition of quadrupole moment

components is identical to theirs.

In 311 calcnlations the temperature was fixed at 296 K. The OFT
scaling parameter, a, was adjusted to give the best fit to the theoretical
halfwidth of three transitions computed using the ATC method, including
velocity averaging. Thus the theories are on the same footing with no
experimental bias in the QFT results.

- 4. DISCUSSION AND CONCLUSION

The assumption of linear trajectories with a comstant velocity chosen
to give the equations of motion correct to first order in time has produced
X results for N.- and O,-broadening well within 10% of experiment. For N, as
the perturbing gas we can compare our results with 127 experimental
measurements from Refs. 3 and 5. The average percent error for the QFT-ID
celoulations was 8.4% with a standard deviation of the halfwidths of 0.0086
cm . A better comparison of the two theories cam be obtained by using only
the data of Meunier, Marche’, and Barbe which contains error bars for each
L . messuremont and is more accurate than that of referemce S. In figure 2 we

: present a comparison of the QFT-ID and velocity averaged ATC-ID N,-broadened
result with the 9 p,+py, lines studied. The average nbsolnto percent
difference (AAPD) from the QFT-ID results compared with experiment is 2.3%
with a maximum difference of 4.2%. As presented above, the comparison with
the complete set of 127-transitions studied does not give as good agreement,
however the accuracy of most of this data is 210% whereas the accuracy of
Meunier et. al. for N,-broadening is better than }4.4%. We note most of the
QFT-ID results are within or close to the error bars on the measurements of
- Meunier ot. al., with the largest discrepancy observed being just under
- 0.003 cm ‘/ata.
> Ia addition to the N,-broadening, the work of Meunier et.al. comtains
roesults for O,~ and air-broademing as well. We present a comparison of our
calculations with experiment in Figure 3 for O, as the perturbing gas, and
in Figure 4 for air-broadening. For O,~broadening Meunier et. al.’'s results
are accurate to 8.8%. Our QFT-ID results have an average absolute perceat
difference of 7.3% with the largest discrepancy being 15.6%. The QFT-ID
results are quite satisfactory considering the nature of the O,-broademing
calculations. Although the air-broadening results of Meunier ot. al. does
not list error bars, ome can estimate the accuracy to be slightly greater
than 5%, the QFT-ID results agree very well with the lcasnto-onts. 2.0% AAPD

v L)
s a & A 4

a4y 2atp %

DA
[ T T et St

=

- with & 3.9% maxzimua difference.

xS A final parameter derived from this study is the ratio of air
2 broadening to aitrogen broadening, the usefulness of this parameter arises
..\
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from the method in which air-broadened results are usually genmerated, i.e.
N,-~broadencd results are calculated and then scaled to air-broadened values.
This method saves the time necessary to calculate O,~broadened results and
is sometimes necessary since the results for O, calculations are more
questionsble. From the calculations for the 127 transitions, we find a very
constaat aitIN, ratio with an average of 0.95 and a standard deviation of
0.0056. This compares well with Meunier et. al.'s value of 0.94.

. o
X = MEUMIER ET. AL.
Py

0.073 1
[ ® —QFT- 10
.‘ + —ATC-10
T |
¥ 1 -251 24261 29
. 0.070 1 . # % 2-23818 4816
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Figure 2 Comparison of QFT-ID, ATC-ID, sad experimental results
for N ,-broadening.
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Comparisos of QFT-ID, ATC-ID, and experimental results for O, and air-
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Ve have studied the tomperatu:e dopendence of 125 transitions of o,
broadened by N, and 10 tiansitions broadined by O,. The transitions were
chosen to :onsider a wide range of . ", K'“. and to compare with experiment
when possible. Nine tempe atures we:-e stulied for N, broadening from 200-
1000 K and nine for 02 bro dening from 171--500 K, The temperature dependence
is given by the expoment n in the fo mmlu

n
(1) = 7(T,) [—}] . (1)

We bhave calculated n fo- each transiticn and find for N,-broadening an
average value of #=0,77(0.04) (We note thit ome line did not give a value
close to the average). For O, broadening wi- find an average of 1=1,08(0.04).
These values compare well with the value of n reported in Ref 13 for N,-
broadening (0.71) and wi-h the value of n reported im Ref 14 for O,-
brosdening (1.3), however Ref 13 gives a value of n of 0.30 for O,-
broadening. Our values alio compare well with the theoretical values from
ATC calonlations reported in reference 8.
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Theoretical Ny-, O,-, and Air-Broadened Halfwidths of
%0, Calculated by Quantum Fourier Transform Theory
with Realistic Collision Dynamics

ROBERT R. GAMACHE

The Center for Atmospheric Research, University of Lowell Research Foundation,
450 Aiken Street. Lowell, Massachusetts 01854

AND

RICHARD W. DAVIES
GTE/Sylvania, 40 Sylvan Road, Waitham, Massachusetts 02154

We have evaluated collision-broadened halfwidths of ozone with nitrogen and oxygen as the
perturbing gases. Calculations using conventional Anderson theory or quantum Fourier
transform theory are shown to be some 25 0 35% too low when compared to the experimentaj
measurements. We show that it is important to consider more realistic collision dynamics in
the calculations. By replacing the classical path trajectories by linear trajectories with constant
velocities chosen to give the equations of motion exact to first order in time. we develop the
interruption function in terms of the actual distance of closest approach determined by the
intermolecular potential and the velocity a1 this point. This improvement to the theory results
in Ny- and Ojy-broadened halfwidths which are in good agreement with the experimental
measurements. Air-broadened halfwidths have been evaluated from the nitrogen and oxygen
vesults via the formula v, = 0.79yy, + 0.21v,,. The results agree with the air-broadened
measurements to better than 5%. © 1985 Academic Press. Inc.

1. INTRODUCTION

Ozone is a minor constituent of the earth’s atmosphere. It has been detected by
its odor during thunderstorms since the earliest times. (Both “The Iliad™ and “The
Odyssey™ of Homer give mention of this.) When giving a name to the gas in the
mid 1800s, Schonbein chose the name ozone, which is from the Greek, Ofew, to
smell (7). Ozone plays a prominent role in relation to climate and air chemical
cycles of the earth. Its concentration in the atmosphere depends on the season, time
of day, altitude, and local conditions, and is usually below 2 X 107 vol/vol air,
with some smog-infected areas recording levels some 50 times higher.

The concentration of ozone rises appreciably with altitude, reaching a maximum
at approximately 25 km. It is produced mainly by high-altitude photochemical
synthesis of molecular oxygen. However, some is formed at low altitudes in polluted
areas. Ozone takes part in many atmospheric chemical reactions as a reactant and
as a catalyst. The layer at 25 km is a very efficient absorber of solar uitraviolet
radiation (less than 300 mu) and protects life on earth from the harmful effects of

283 0022-2852/85 $3.00
Copynight © 1985 by Academic Presy, Inc.
All righis of reproduction in any form reserved.
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284 GAMACHE AND DAVIES

these rays. The layer is very warm due to the heat generated by light absorption
and by the exothermic decomposition of ozone; thus, it plays an important part in
the temperature regulation of the lower atmosphere.

It took 20 years after Schénbein named the blueish gas ozone before its atomic
formula, O;, was established. Its structure was thought to be an equilateral triangle
until, in the early 1950s, microwave spectrum investigations (2) determined ozone
to be an asymmetric molecule with an O-O bond length of 1.278 X 107® cm and
an angle of 116°49 between the central and outer atoms. The O; molecule is an
asymmetric rotor and is shown ia Fig. | with its principle axies of inertia. The
dipole moment of ozone as determined from microwave data (3) is 0.53 X 10™"®
esu-cm, and the quadrupole moment components, as determined from molecular
beam spectroscopy (4), are 8,, = —1.4 X 107%, §,, = -0.7 X 10", and §., = 2
X 1072 esu-cm®.

Because of its importance to our planet. the nature of ozone in the atmosphere
must be well understood. One of the more powerful methods to study atmospheric
ozone and monitor its concentration is infrared remote sensing of total column
density and concentration-altitude profiles. To implement remote sensing techniques
an accurate knowledge ~f the wavenumber, intensity, and collision-broadened
halfwidth of rovibrational transitions is necessary (5). Unfortunately, most spectro-
scopic studies have concentrated on obtaining wavenumbers, strengths, and assign-
ments. Relatively few studies have reported coliisional-broadecned halfwidtis of
ozone (3, 6-9). Together they total some 150 transitions only.

For ozone some theoretical: calculations of collision-broadened halfwidths have
been performed (/0-12). The calculations are difficult owing to the types of
interactions that must be considered for ozone (because of its small dipole moment.
the quadrupole-quadrupole interaction must be considered as well as the dipole-
quadrupole interaction for any meaningful calculation). in the first two studies
(10. 11) the molecular quadrupole constants were not well known, producing
inaccurate resuits. The last study (/2) did use improved quadrupole momeni
components; however, only 10 transitions were studied. In all of these studies the
classical path Anderson-Tsao-Curnutte (ATC) method (/3) was used to determine
the halfwidths, and the corresponding pressure shifts were not evaluated. We have
performed conventional ATC calculations on =135 transitions which have been
experimentally studied, and found the theoretical values some 20 to 35% too low.

116°49°' 230"

FI1G. 1. Ozone molecule with its principal axes of inertia.
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In order to better interpret infrared remote sensing results for ozone, collision-
broadened halfwidths must be determined more accurately and for a broad range
of transitions.

In this paper we report halfwidths and shifts for N,-, O,-, and air-broadening of
ozone calculated by the ATC method and by the quantum Fourier transform (QFT)
method (/4). We further refine the theories to consider more realistic collision
dynamics than those obtained from classical straight-path trajectories. Much better
agreement with experiments results from this method. The application of approximate
trajectonies in binary collision calculations was first done by Tipping and Herman
(15-17). Their method and extensions of the method have been applied by Bonamy
et al. (18) and by Berard and Lallemand (/9). In all studies. improved results were
obtained using these methods.

In section 2 we discuss the ATC and QFT methods and the kinematic corrections
considered. In section 3 resuits are presented for the conventional and improved
dynamics (ID) calculations: this is followed by a discussion of the results in sec-
tion 4.

2. THEORY

Both the pressure-induced shift and the pressure-broadening of a spectral line
arise because of collisions between the radiating molecule and some perturbing gas
molecules. In order to fully understand these properties. the exact dynamics of the
molecular motions and the interactions at each point should be determined. This is
much too difficult to do, especially if many transitions are to be studied: thus, we
must rely on approximations. The first assumptions made are the so-called binary
collision and impact approximations i.e., we are dealing with uncorrelated two-body
collisions. Next, we assume that the kinetic energies are large enough so that we
can make use of classical mechanics to describe the motions of the centers of gravity
of the colliding particles. This limits the exchange of energy between kinetic and
internal degrees of freedom to a very small fraction of the kinetic energy. In what
follows, we assume an isotropic interaction which can be treated using classical
trajectories, and an anisotropic interaction which is treated in the usual second-
order perturbation theory.

The width and shift of a spectral transition i — f are given in terms of the real
and imaginary part of the spectral power density of the perturbation;

1
=1 £ —— .
y(cm~'/atm) = + Tme Re{P,(w)} (1)
and
1
Aw(cm™'/atm) = ~ Ime Im{P,(w)} 2)

where ¢ is the speed of light. From the equations of motion of classical mechanics
r(1) and 6(1) are obtained for each trajectory, labeled by its initial relative velocity.
v, and impact parameter, 5. The effect of collisions is obtained. using these
trajectories, by averaging over angular orientations of the molecules, integrating
over impact parameters, and finally by averaging over the relative veiocity using the
Maxwell-Boltzmann velocity distribution function /(v). This gives
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Ppw)=n J; ? v/ (v)dy J; - 2xbdbS (b, v), 3)

. where 7 is the number density of the perturbers and S;(b, v) is the interruption (or
collision efficiency) function. It is the evaluation of the interruption function that is
central to the solution of the problem; it depends on the initial and final state of
the radiating molecule, the perturbing molecule, the type and number of interactions
involved, and the collision dynamics.

With the assumption of an isotropic potential, the dynamics of the collisions are
described in terms of plane trajectories that are determined by the impact parameter,
b, and the initial relative velocity, v (or the total energy of motion E = 1/2u0?,
where p is the reduced mass of the system). The equations of motion are given in
polar coordinates by

and

} S ()
r=v l—;—z--—E—. 4)

The distance of closest approach r (b, E) is obtained from the equation (which is
a statement of conservation of energy),

[~=-2-=0. )

The potential ¢(r), in general, contains both an attractive and repulsive term, and
Eq. (5) may have several solutions. Here only the largest . solution is retained,
thereby discarding trajectories that correspond to stable or metastable bound states.
In this work. as in other works (/5-20) which use approximate trajectories to better
represent actual trajectories, a Lennard-Jones potential is chosen:

o= {3 -]

The above equations can be solved by expanding r and # in a time series (1 = O at
r = r) and then evaluating the integrals numerically. This is very difficult and has
only been carried out for some simple systems (/9). Most treatments have been
based on approximations to the dynamics.

The approximation that is made in most calculations using the ATC method is
simply not to include the isotropic intermolecular potential (¢ = 0). This corresponds
to the use of classical straight line trajectories in the theory, i.e.,

r(f) = Vo' + v't*,  6(1) = arctan(ve/b). (7
1:5 This yields an interruption function, S,(b, v), dependent on the impact parameter
S and relative velocity which straightforwardly goes into Eq. (3) to evaluate the

perturbation operator.
Although some (15-17, 21) have explicitly evaluated the velocity integral in Eq.
(3), the usual procedure is to make the further assumption that the interruption

PR
D)
. "

- 101

)

-

M

N

"i

DN

DARKALRE LY N ..\r ‘.-.-...___ . . .
e N e e g s e SRR




THEORETICAL HALFWIDTHS OF 'O, 287

function is roughly independent of velocity. This allows the velocity integral to be
done analytically, resulting in evaluation at the mean relative thermal velocity,
b = (8kT/xu)'?, where k is the Boltzmann constant and T is the temperature in
degrees Kelvin. The solution is now contained in the impact parameter integral,
which is solved via the conventional cutoff approach (13, 15-17). This gives a
solution expressed in terms of Anderson’s integrated resonance functions, F and F,
and the cutoff parameter b,. The exact form of the resonance functions and
interruption functions (i.e., S(b, v), for example) depends on the system and the
types of interactions being considered, e.g., dipole-dipole, induction-dispersion, etc.
Tabulations of the interruption functions and resonance functions for a variety of
intermolecular potentials can be found in the literature (22-24); the last reference
by Leavitt (24) contains formulas for symmetric and asymmetric top molecules.
Another approach to pressure shifts and collisional broadening is the quantum
Fourier transform theory (QFT) developed by one of the authors (/4). This is a
quantum theory, developed using graphical perturbation theory, which proceeds by
making use of the Fourier transform of the multipole interactions. Within the
context of second-order perturbation theory in the anisotropic interaction (e.g., the
multipole interaction), energy and momentum are rigorously conserved in the
collision process. The theory is somewhat simpler to use in actual calculations than
the ATC method, owing to the fact that the velocity averaging can be done
analytically and the resulting resonance functions have a simpler form than the
corresponding ATC resonance functions f(k), F(k). The QFT method has been cast
(25) into a form similar to the ATC approach; in analogy with Eq. (3), we may
write o
Py= nb J; 2xbdbS (b, V), t))

where D is the means relative thermal velocity. In this connection, it should be
stated that a velocity average similar to that indicated in Eq. (3) has already been
carried out, and © has been used to replace temperature via ¥ = (8k7/xu)'? in
order to make the correspondence with Anderson’s approach more explicit. The
interruption function, Sy(b, ¥), is of the same form as in ATC theory: however, the
coefficients and resonance functions for the interactions are quite different. Reference
(25) gives the relationship between the ATC and QFT coefficients and resonance
functions for the dipole-dipole, dipole-quadrupole. and quadrupole-quadrupole
interactions. The method of solving Eq. (8) is similar to the ATC approach, i.e., a
cutoff is determined at the point where the real part of the QFT interruption
function equals unity and the remaining integral is evaluated via QFT resonance
functions.

Both the classical straight-path ATC method and the originai QFT method
contain no allowance for an isotropic potential in the dynamics. In order to better
approximate the collision process, more realistic trajectories should be employed in
the calculations, and here we have attempted to do this while keeping the time
involved in performing a calculation small enough that many transitions can be
considered. A first approach to this is to use linear trajectories with constant
velocities chosen to give values of # and r exact to first order in time (15-17, 19),
ie,
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) =r.+ 0d

with
. v, = r(t = 0),
+ + 30 that
v¢=rj(0)=_?. . 9)
Thus
r@t) = Vr2 + vi3; 1) = arctan vf—‘ , (10)

[

where r. and v, comrespond to the distance of closest approach and the relative
velocity at this point. Using equations of motion which are exact to first order in
time gives an interruption function dependent on these parameters, i.e., S(r., v.).
In order to evaluate the interruption functions, r. and v. must be related to the
classical parameters b and v. This is accomplished through Egs. (5) and (9). Because
the solution of Eqs. (3) and (8) is in terms of r. and v, we cannot use the capital F
resonance function solution as before; therefore, the integrals are evaluated numer-
ically. The above first-order-in-time approximation has been successfully applied by
Tipping et al. (15-17). Bonamy et al. (18) have proceeded along similar lines,
considering linear trajectories and choosing the velocity such that the equations of
motion are exact to second order in time, i.e.,

F(t) = 7, + V4, r. perpendicular to 7., (1)

r(f) = Vr2 + v,

2o re (do
@=i-%(3). (12

with

and

&) = arctan b .
Te

Both of the above approximations to the dynamics use straight-line trajectories
given in terms of the distance of closest approach, r.; then the relative velocity v, is
adjusted to give the equations of motion correct to first and second order in time.
The use of actual parabolic trajectories has been formulated and applied to inert
gas systems by Gersten (20), for ozone, however, this approach is much too difficult
and time consuming.

3. CALCULATIONS AND RESULTS

We have performed calculations via both conventional Anderson theory and
QFT theory on the O;-N, and O;-0O, systems. In these calculations we have
considered the dipole(O,)-quadrupole(N, or O,) interaction(d-q) and the quadru-
pole(Os)-quadrupole(N, or O,) interaction(q-q). Explicit vibrational dependence
was taken into account for the ground, », and v, states of ozone using very accurate
Hamiltonian constants for these states (26). The molecular constants used in the
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calculations are given in Table I and are in all cases reproducible and confirmed by
several studies (see references in Table I). In all calculations, the d~q and q—q
interactions arising from Anderson’s S; migae term were also included. For the QFT
theory, as in ATC theory, the numerical coefficients for the middle term are just
twice those given in Ref. (27) for the outer terms. The asymmetric quadrupole
- moment of O, was included using precisely the same formalism as developed by

FHIELAR

:Z: Yamamoto and Aoki (/0), and our definition of quadrupole moment components
v (as given in Table I) is identical to theirs. The matrix elements of the quadrupole
- moment operator were computed using a program developed by one of the present
ol authors (28).
' In all calculations the temperature was fixed at 296 K. The QFT scaling parameter,
. a, was adjusted to give the best fit to the theoretical halfwidth of three transitions
- computed using the ATC method, including velocity averaging. Thus, the theories
i are on the same footing with no experimental bias in the QFT results.
S The data base used to evaluate the calculations is from the work of Hoell et al.
' (6), Lundqvist et al. (7), Margolis (8), and Meunier et al. (9). Of these works only
' Ref. (9) gives an error analysis for each transition studied; hence, we relied on this
. work more heavily. The data base we have collected amounts to 118 »; transitions,
- TABLE |
- L\
- Moiecuiar Constants ar\d Parameters Used in the Calculations
Molecule/Parameter Value Reference
, Ozone
.~ dipole moment 0.53087 x 10™'* esu-ca? 3, .
': quadrupole moments
. L “1.4(2) » 107! qgu-ca? .
R LIS <0.7¢2) x 107'* qsy-ca’ .
o~ LI 2.1(3) » 107'* esu-cm’ “
- Hamiltonian constants see Reference 26 26
Nitrogen
quadrupole moment ~l.4 t 0.1 esu~ce® 3.
rotational constant b, 2.010 en™! s
Onygen
Qquadrupole moment «0.4 ¢ 0.1 asu-cm? n
rotational constant b, 14457 cm”! EH
o Systems
) 0y-8,
> reduced mass 2.9375 = 1070 ¢
-: Lennard-Jones parameters
“ ] 181.5 cm”’' this work
:. L 3,11 % 10°* cm this work
" 0;-0,
. reduced mass 3.082 % 1070 g .
Lennard-Jones parameters
. t 173.3 ea™! this work
R o 3.03 % 10°* en this work
: Other .
. Temperature 296 x this work
N QFT Scaling Parameter a 2.99 this work
- 104
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290 GAMACHE AND DAVIES

TABLE It

Contribution of Q-Q Interaction to Computed Halfwidth (cm™'/atm)
{Anderson Theory, No Velocity Averaging, No ID)

vy Transition

J'oKa' Ke' JT Kt K"y Ypge0q Y.

15
17
20
21
21
22
28

13 16
1$ 16
13 19
22 21
15 20
21 21
8 28

14 . 05679 .06826 16.80
14 . 05688 .06799 16.38
12 .06763 .06263 23.9%
21 .05647 06372 11.38
lu .0ua79 «0628] 22.32
20 . 05573 .0663% 16.086

[ R L.
L T . T

28 .05u81 .06188 12.01

16 », transitions, and 9 », + », transitions. In all of our calculations both the
halfwidth and the shift were evaluated. Because there appear to be no experimental
shift measurements for ozone to compare with, we limit our discussion to the
halfwidths. A _

The effect of vibrational dependence and of the inclusion of the quadrupole-
quadrupole interaction were both investigated. In Table Il the effect of thr q—q
interaction is shown for several transitions. We compare results for the O;-N,
system calculated using only the dipole-quadrupole interaction with those calculated
using both d—q and q-q terms. An average increase in the halfwidth of 19% was
observed for the 118 », transitions when the q—q term was included. To investigate
the vibrational dependence, the halfwidths of »; (and »,) transitions were studied
using explicit ground state and », (or »,) state matrix elements and compared with
halfwidths calculated using only ground state matrix elements. The results of our
calculations show the effects of the explicit vibrational state to be small, =~1% on
the average, with the largest difference obtained being 7%. This is somewhat expected
because ozone is a heavy molecule and can be contrasted to water vapor, where
vibrational dependence can affect the halfwidth by 10 to 14% (29). We conclude
that the q-q interaction must be included in any meaningful calculation for the
halfwidth or shift of ozone transitions, whereas explicit vibrational matrix elements
are not as critical.

The results of our straight-path trajectory calculations for the O;-N, system are
summarized in Figs. 2 and 3, where we plot the percentage difference in the
halfwidth compared with experiment vs the J level of the initial state for the »; and
», transitions, respectively. Both the ATC and QFT calculations are present in both
figures and we note that the theory is ~16% too low. If we correctly include the
velocity averaging in the ATC method (see Table III) the results are =23% too low.
The straight-path trajectory results for the 0;-O, system were some 35% too low
(for both ATC and QFT methods).

We next performed ATC and QFT calculations with improved dynamics (ATC-
ID and QFT-ID) correct to first order in time for 127 »; and », + », transitions
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FiG. 2. Percentage difference between experimental [Refs. (7-9)] and theoretical (conventional ATC
and QFT calcuiations) Ny-broadened halfwidths as a function of lower state J for 118 », transitions of
ozone.

from the work of Margolis (§) and Meunier e al. (9). In these calculations we
studied both N, and O, as perturbing gases and, using the relation

Yair = 0.79"{N, + 0.21‘70,, (13)

we generated air-broadened values for the halfwidth. In order to perform the
calculations correctly to first order in time, a potential is required and here a
Lennard-Jones potential was used. The Lennard-Jones parameters for the calculations
were derived by taking literature values for the oxygen atom (30) and for the
nitrogen and oxygen molecules (3/). Using a pairwise additive scheme (31) for the
three oxygen atoms of ozone and the perturbing molecule, N, or O, we constructed

AT
w0 cC »
¥rT o
%0 - = N
* s 8, '
20 es
. !
w 10
¥ ]
w [ ]
g 0
=
2 10
-20
8
-30
10 15 20 25 30 J
0 e u + ~
Q 250 500 750 1000
'1 JUJ1)eKA=KCe)

FiG. 3. Percentage difference between experimental [Refs. (7-9)] and theoretical (conventional ATC
and QFT calculations) Nr-brosdened halfwidths as a function of Jower state J for 16 », transitions of
ozone. :
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292 GAMACHE AND DAVIES

TABLE 1l

Effects of Velocity Averaging on N.-Broadened Halfwidth for Six », Transitions of Ozone Computed
by ATC Method and for Nine », + », Transitions of Ozone Computed by ATC-ID Method

Transition
J* Ka' Ke' J" Xa" Ke* 17' (ca™! 7atm) vb (cm™'7atm) \ Difference
k] 1 2 H 1 1 0.07206 0.06717 6.79
H 3 2 $ 3 k] 0.06761 0.06269 7.2¢
ATC 12 2 1 11 2 10 0.063%70 0.06380 8.46
18 3 16 19 3 1? 0.0663% 0.061%9 7.32
26 3 2. 25 k] k2] 0.06569 0.06082 7.2
28 s 2. 27 S 23 0.06192 0.05820 6.01
s 1 2. 26 1 28 0.07603 0.06743 11.13
FE) ] 15 2. [} 1% 0.07099 0.06393 9.9
0 1 10 21 1 11 0.07008 0.059%9 15.1
k1Y 1) 20 25 H £2N 0.07199 0.06518 9.5
ATC-1D 23 7 16 2 7 1?7 0.067129 0.086427 9.8
W 13 1 28 . 22 0.07252 0.065%8 9.6
k1) 0 28 26 ] 26 0.07128 0.06023 15.5
k1) k] 22 25 k] 23 0.07390 0,06633 10.2
23 6 17 2. 13 18 0.0716¢ 0.06u68 9.7

a. mean relative thermal velocity result
b. explicit velocity tntqnt‘ion. see oq. 3

the potential by averaging over angular orientations of the ozone molecule. This
generated the values of ¢ and ¢ for the 0;-N, and 0;-0, systems found in Table I.

We should state that the Lennard-Jones parameters ¢ and ¢ were adjusted without
any thought of matching experiment; in fact, all parameters were determined before
halfwidth caiculations were undertaken.

4. DISCUSSION AND CONCLUSION

The results from our early calculations revealed the theory to be inadequate;
more accurate results would be needed to help interpret atmospheric experiments
on ozone and to provide transition-dependent halfwidths for O, on the Air Force
Geophysics Laboratory Main Gas Compilation (32). Improvements to the theory
were investigated, including velocity averaging (see Table III), use of the linked-
cluster expansion theorem to produce a cutoff-free theory (33), and the use of more
realistic trajectories in the dynamics of the problem. As expected the first two
changes decreased the halfwidths further, while the use of approximate trajectories
has provided improved agreement with experiment.

The assumption of linear trajectories with a constant velocity chosen to give the
equations of motion correct to first order in time has produced results for N,- and
Ox-broadening well within 10% of experiment. For N; as the perturbing gas we can
compare our results with the 127 experimental measurements which have an
accuracy of £10%. The average absolute percentage difference (AAPD) for the QFT-
ID calculations was 8.4% and that for the ATC-ID caiculations without velocity
averaging was 4.3%; when velocity averaging is included in the ATC-ID calculations
the AAPD is around 15%. A better comparison of the two theories can be obtained
by using only the data of Meunier, Marché, and Barbe, which contain error bars
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TABLE IV

., y . . . o Ky
-.: Comparison of QFT and ATC (with Improved Dynamics) Calculations with the Experimental N,-
" Broadened Results of Meunier ef al. (8) (All Units cm™'/aim: Percentage Difference in Brackets)
2
3N
. Transition
o . - xa® " a b c
"y J' Ka' Xec J Ka Ke Y Y Y

2% 1 2% 26 1 25 0.072 & 0,002 0.071% (0.9)  0.06743 (-2.2)

23 0 18 2 8 16 0,071 £ 0,003 0.0683 (3.8)  0.06393 (10.0)
- 20 11 10 21 11 11 0.071 & 0.003  0.0680 (u.2)  0.05949 (15.0)
N 2§ 20 25 S 21  0.069 t 0.003 0.0689 (0.2)  0.06518 (2.7)
23 7 16 2w 7 17 0,067 ¢ 0,001 0.0682 (~1.8) 0.0627 (9.5)
2« 0w 21 25 % 22 0,067 t 0,001 0.0697 (-u,1) 0.06558 (5.5)
N 25 0 25 26 0 26  0.066 £ 0.002 0.0681 (-3.1) 0.06023 (10.1)
. 2w 3 22 28 3 23 0.070 t 0.001 0.0703 (0.v)  0.06633 (5.2)

23 6 17 2 & 18  0.070 £ 0.001 0.0683 (2.5)  0.06468 (10.2)

a. Reference 9
b. This work, QFT-ID
¢. This work, ATC-ID

» 0 L 4..
R IR )

for each measurement and are accurate to 4.4%. The data for the comparison are
given in Table IV (note the ATC-ID results have been velocity averaged). In Fig. 4

-~ we present a comparison of the QFT-ID and velocity-averaged ATC-ID N,-
:; broadened results with the 9 », + v, lines studied. The AAPD from the QFT-ID
- results compared with experiment is 2.3% with a maximum difference of 4.2%.
‘ N From the ATC-ID result the AAPD compared with experiment is 7.8% with a

¥ maximum deviation of 15.%. We note most of the QFT-ID results are within or
close to the error bars on the measurements of Meunier e al., with the largest
. discrepancy being just under 0.003 cm™'/atm.

PREREND
Y

:: 0.075 = - MEUNIER ET. AL.
. T ®~QFT - 1D
: ! +-ATC - ID

-:: < 500 T * 1-2512026125

. . g 20 ) . 2-238152816

. - | . 102 3_ 20111024411

N L] {. } 4-20520255 21

.~ = S-23716u717
. 2 1 * i 6-22422542
! £ 0.065 + 7-250252026

g + ., 8-0322532

. 9-23617 20618

N 0.0€0 +

q' +

N 1 2 3 &« 5 & 7 3 3
b TRANSIT1ON

RESULTS FOR NITROGEN-BROADENING

N 3 FiG. 4. Comparison of experimental Ny-broadened haifwidths [Ref. (9)] with ATC-ID and QFT-ID

" results for nine », + »y transitions of ozone. Halfwidths are in units of cm~'/atm. The rotational state

. quantum numbers are listed at the right along with an indication of a 10% error bar as a visual guide.
.
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TABLE V

Comparison of QFT and ATC (with Improved Dynamics) Calculations with the Experimental O,-
Broadened Resuits of Meunier ef al. (8) (All Units cm™*/atm; Percentage Difference in Brackets)

Transition

I' ' Ke' J* Xe® Kc* v ¥° ©

23§ 1 26 26 1 25 0.054 t 0.002 0.0501 (-0.2) 0.089%1 (7.6)
23 8 15 2% 8 16 0.057 £ 0.005 0,086 (2.5)  0.04835 (13.4)
2011 10 21 11 11 0.057 £ 0.005 0.0S1e (9.4)  0.05043 (11.5)
24 8 20 25§ 21 0.087 £ 0.002 0.051% (9.8)  0.04952 (13.1)
2307 16 2 7 17 0,058 ¢ 0.002  0.053% (7.9)  0.04947 (l6.7)
24 % 21 25 w22 0.086 % 0.002 0,051 (8.8)  0.0u858 (11.5)
26 0 25 26 0 26 0.053 & 0.002 0.0508 (v.2)  0.0u862 (8.3)
26 3 22 25 3 23 0.086 ¢ 0,002 0.0518 (7.§)  0.0497w (11.2)
23 6 17 24 & 18 0.062 £ 0.005 0.0823 (15.6)  0.050uS (16.6)

&. Reference 9
b. This work, QFT-ID
¢. This work, ATC-ID

In addition to the N,-broadening, the work of Meunier et al. contains results for
Oy and air-broadening as well. We present a comparison of the calculations with
experiment in Table V and Figure 5 for O, as the perturbing gas, and in Table VI
and Figure 6 for air-broadening: Meunier et al.’s results are accurate to 8.8% for
O,- and for air-broadening; although error bars were not given, the accuracy can be
estimated to be slightly greater than 5%. For Oy-broadening the AAPD was 7.3%
for the QFT-ID results and 12% for the ATC-ID resuilts. Studying Fig. 5 we see the

f-v:umensr. A
0.065 o -0FT - 1D
+ - ATC - 1D
=
5! 0.060 [ 1-2512026125
- ! 2-2381524816
5 J 3-2011102111¢C
= T 08 w-25202552
] - S-2571624717
! 6-224212542
§ 0.055 1 7-25025202
- : . 8-243222532
- _ . 9-2561726618
- . . N o
b o + +
. 0.0%0) + P .
+

TRANSITION
RESULTS FOR OXYGEN-BROADENING
Fio. 5. Compuarison of experimental Oy-broadened halfwidths [Ref. (9)) with ATC-ID and QFT-ID

results for nine », + »y transitions of ozone. Halfwidths are in units of cm™'/atm. The rotational state
quantum numbers are listed at the right along with an indication of & 10% error bar as a visual guide.
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TABLE V1

Comparison of QFT and ATC (with Improved Dynamics) Calculations with the Experimental Air-
Broadened Results of Meunier et al. (8) (All Units cm™'/atm; Percentage Difference in Brackets)

Transition
I wa' ke' 0%t ket vt v ©
1% 1 r{] 26 1 28 0.067% 0.0678 (-0.%) 0.06375 (5.6)
23 8 18 2% ] 156 0,067 0.0656 ¢2.1) 0.06087 (9.1)
0 10 10 21 11 1 0.067 0.064S8 ¢3.7) 0.05759 (1%.¢C)
2% H 20 25 5 22 0.0866 0.0652 (1.2) 0.06189 (6.2)
23 ? 16 W™ 7 17 0.064% 0.0651 (-0.9) 0.06116 (5.2)
26 . 21 25 4 22 0.06% 0.0658 (-2.8) 0.06222 (2.8)
25 0 25 26 0 26 0,083 0.0644 (=2.2) 0.0%779 (8.3)
24 3 22 5 3 23 0.066 0.0664 (=0,6) 0.06285 (4.8)
23 6 17 k1 6 18 0.067% 0.0649 (3.9) 0.06169 (8,8)
a. Reference 9
b. This work, QFT-ID
c. This work, ATC-ID

comparison of theory and experiment is not as good as the results for N,-broadening.
This is not surprising considering the nature of the O,-broadening calculations (due
to the very small quadrupole moment of O, ¢lose collisions occur and the
perturbation calculations are suspect); however, we feel the QFT-ID results are
satisfactory. Figure 6 shows the close agreement between experiment and the QFT-
ID calculations, 2.0% AAPD with the maximum difference being 3.9%. The velocity-
averaged ATC-ID results, although much improved over the classical path ATC
results, have a 7.2% AAPD with several transitions showing large discrepancies.
From the calculations we find the QFT-ID method to give better agreement with
experiment than the velocity-averaged ATC-ID method. The QFT-ID calculations
are also simpler to carry out since an explicit velocity average has already been
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FiG. 6. Comparison of experimental air-broadened haifwidths {Ref. (9)] with ATC-ID and QFT-ID "o

results for nine », + » transitions of ozone. Halfwidths are in units of cm™'/atm. The rotational state ‘
quantum numbers are listed at the right along with an indication of 2 10% error bar as a visual guide.
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TABLE VIl

QFT-ID Results for 127 »; Transitions of Ozone. [Presented Are the Halfwidths (in Units of cm™'/
atm) for Ny-, O, and Air-Broadening and. Whenever Possible. the Corresponding Experimental Value
from Refs. (8) and (9)]

TRANSITION HALFWIDTH (em™/atm)
NITROGEN OXYGEN ALK
SRR S Ky Ko OFT-1D EXP OFT-1D EXF OFT-1D EXF
23 617 28 &6 18 0.06828 0,070 G.08237  G.uel 0.06497 0.0&67%
23 7 té 24 717 O 06821 (.0&7 G 05341 @, 058 L0810 O.084%
2T 8 1S 24 B 16 0.0682% L. 7L 0.05%564 0,057 0.06560  0.087
2 4 21 25 4 -2 O.06977  O.067 0.05111 0,056 0, 068587 0,064
< S 20 2% S 1 0.8 0L 069 S 0S7 0.06822  0.066
2% o0 S 26 0 26 Q. 06806 0,086 DU 0.064484 (06T
5 1 24 26 1 S 0.07127 O.072 G.0%4 0,0677%  G.067%
W 11 10 21 11 11 G.06807 0. 071 3 0.0%7 D.064%Z 0. 087
24 T 22 s 3 23 D.07029  0.070 Q. 0,18[ a,0%6 G.06641 O.366
27 8§ 22 < S 2T 0.06927 0,070 0.05147 0, 06357
by 1 28 29 129 GO 8730 G 07320 0. US048 0. 06277
7 T 24 | T 28 0.07228 0. 09000 0.05210 0, 06804
2 w27 28 o028 0.067284 0.07780 9. 05007 0,06271
24 7 18 5 719 0,086821 . 076590 ., 054086 0D.ub6ST4
26 225 27 2 2% V.VET1D (.09180 0.051350 (L3721
2% S 20 < S 2 G, 06901 0,07240 0.05144 DORENT_S- Ty
2y T 2 26 I 2T 0.07212  0.08T8U 0. 05204 0,067
2 S22 2 2 24 Q.07209  0.07140 0.0524% G, ue876
2T 7 1s 24 717 0. 06821 O, L7840 0,052481 0, 08510
24 T 22 25 T 2% OGG7029 B, O7320 a.u518t ., 06841
22 716 23 747 0!he82Z  0.08470 0.1%744 G 06SIL
29 {24 % 135 0. 06855 0.08160 0.05108 0.06488
2W 6 17 22 o 18 0.06822 0.u7660 GLOS242 . 06490
2T T2 24 2 22 0,07282  0.076%50 0.0%2%59 0, 06912
2 %18 2 19 0, 06864 0.07820 V.S 0. 06302
T 122 24 1 2T 0.07228 0.078%0 0.05284 Q.06849
S 0 2T 4 O 24 0.06892 0.07190 0.0%17%6 0, 08873
2 & 13 22 6 18 0. 06818 0.06920 0.052%54 0.06490
WD T2 T T 3. 07048 0.07890 0.05208 3, G666y
18 9 10 19 9 11 0. 06870 0.06350 0.05627 3. 06609
2 z t8 22 T 19 0.071%. [PAY Adndy) 0.0319% 0. 06742
2 219 2 20 Q9.077282  0,08090 ©.03282 G. 06941
19 7 12 20 7 42 0.06822 0,07UB0 0. 353%0 0.06529
W S 18 2 S 1?7 0.0684T 0, 09420 G.0513% 0. 06484
S 1 20 22 1 21 L7326 007980 0.05294 0,06928
A 02 2o 0 22 Q.06997  0L.072860 0.0351%7 9, 06610
17 9 8 18 9 9 O.06881 0,0%620 0.05674 0. 06627
0 4§17 < 4 18 G Q69T 3, 07880 D3.05847 Q. 06356
19 6 13 2 & 14 ¢, 06814 0. 074%0 0.035219 0. 06479
o T 18 21 19 O, 07084  0,09170 0,05243 Q. 06674
2 219 AW 2T 20 0, 07091 ‘8280 u 08267 0, 06708
20 1 20 211 2 Q07018 0, 08450 .0518% 0.06625
19 4 13 W 416 0.06919 0. 09770 0.05140 0. 08586
18 &6 12 19 6 14 0.0681% O, 08400 0.,05201 u 16876
19 I 164 < 17 0 07120 0,08970 Q.08216 u¢7:n
19 o 19 W 0 0 GLU71186 O, 07960 0.0%5169
19 415 19 4 18 0.06906 U, 081860 0, 05177
17 & 11 18 o6 12 006818 0, 09470 W 0519 u.u5477
18 T 16 19 17 VLUTOSS U, 07660 0.05286 0.06607
17 < 12 18 517 9.06871 0,08080 DNVIR Y 0, 06469
18 217 19 218 U.07149  H,UBLI%0 0.0%220 0, 067865
16 & 11 17 &6 12 V.&6822 0. 08L80 0,05191 0. 046479
17 3 14 18 - S 0.07088 ©0.07%80 0,0%5249 0.06702
17 o 17 18 9 18 Q.07249 0,08150 0,03228 0.06824
16 4 13 17 4 14 0.06884 ©0,07%70 0.03209 €. 08532
16 T t4 t7 > 18 0.07048 0.07280 0.08327 0. 06687
16 213 17 2 18 0.,07201  0.07680 U, 08372 0.06817
12 8 S ia B & 0.06922 0©.07290 0.05679 0,06661
16 1 1& 17 11?7 0.0720% 0.07990 0.05202 0.04784
1S 4 11 16 4 12 0,068784 0,07520 0,035206 0.06523
15 313 16 312 0.07061 0,08910 0.0829 0, 06689
1S 213 16 2 14 V073297 O.07100 0.08278 0.06973
1S 0 1S 16 0 16 0.07290 0.079%90 0.0837¢ 0. 06966
14 &4 11 1S 4 12 0.06868 0.09200 Q.03823% 0,04823
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TRANSITION HALFWIDTH (cm™l/atm)
NITROGEN OXYGEN AIR
J" K: K: J’ K; Ké QFT-1D EXP QFT-1D EXF QFT-1D ExP
14 %12 1% 313 0.070286 0.09290 0,0%5758 0. 06604
12 7 & 12 7 7 0.06904 ©,08570 0, 03402 0.06588
14 1 14 1S 118 0.07303  0.06800 0.0%270 V. 060848
> 4 9 14 4 10 0.06864 0,07360 0.G8230 0.06521
12 & 7 12 6 8 V.06859 0.07870 0.0%219 U, 068515
1z 210 14 T 11 Q. Q7078 O, G820 GI%TT4 <. G6e80
12 211 14 212 V.78 L0780 0. 054048 0. 06968
T 01z 14 0 14 G, 07572 0,97640 O.05400 0L.Oa708%
12 4 9 12 4 10 0. 06860 ,07990 0.0%248 0.06eSL2
12 2 10 17 711 GOTO2T O, 08290 0,082 0. 06477
11 S 12 s 7 O usdIS L, 07750 [N 324 0.06487
11 9 11 12 02 D, 076867 1. 0BLTO 3, 05551 G.07222
10 1 10 11 11t 0.07489 u.082BL 0. U3293 0. 07028
9 &4 S 1o a4 & 0. 06871  0.07920 0.0%245 0. 06529
& = 2 ? S z 0. 0868867 0,020 0.1%5188 .65
7 2 S a 2 6 Q.Q7346T O, uB0e) 0.0%4%2 0. 06962
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performed; in the ATC-ID method, calculations must be done for a set of velocity
values (we employ a seven-point quadrature). Thus, the QFT-ID calculation is faster
by a factor of seven and gives better agreement with experiment.
Table VII lists our final calculations based on the QFT-ID method for the 127
’ transitions studied; presented are the halfwidths for Ny-, O5-, and air-broadening
and, whenever possible, the corresponding experimental value. All results are from
quantum Fourier transform theory with dynamics correct to first order in time,
QFT-ID. A final parameter derived from this study is ihe ratio of air-broadening to
N,-broadening; the usefulness of this parameter arises from the method in which
air-broadened results are usually generated, i.e., Ny-broadened results are calculated
and then scaled to air-broadened values. This method saves the time necessary to
calculate O,-broadened results. From the calculations for the 127 transitions, we
find a very constant air/N, ratio, with an average of 0.95 and a standard deviation
of 0.0056. This compares well with Meunier et al. s value of 0.94.

We conclude this paper by stating that the use of QFT theory with improved
collision dynamics yields collision-broadened halfwidths for ozone that are in good
agreement with experimental measurements. Although the calculations take about
five times longer than the straight-path methods, they are still feasible (~7 sec per
transition on a CDC Cyber 170-750 computer). It is anticipated. in the near future,
to have generated halfwidths and shifts for more than 4500 ozone transitions: the
halfwidths will be added to thé AFGL Main Gas Compilation (32).

WY

RN |

»

e
a e w
KIS AP

ACKNOWLEDGMENTS

We acknowledge the following colleagues for stimulating discussions and for their encouragement
L. S. Rothman, S. A. Clough, and R. H. Tipping. This work was supported by the Air Force Office of
Scientific Research through AFGL Task 2310G1.

i ‘l' P

Y
«

RECEIVED: July 24, 1984

REFERENCES

M. ARDON, “Oxygen,” Ch. 3, Benjamin, New York, 196S.
R. H. HUGHES, J. Chem. Phys. 21, 959-960 (1953); R. TRAMBARULO, N. S. GHOSH, C. A. BURRUS,
AND W. GORDY, J. Chem. Phys. 21, 851-855 (1953).
. M. LICHTENSTEIN, J. J. GALLAGHER, AND S. A. CLOUGH, J. Mol. Spectrosc. 40, 10-26 (1971); S. A.
CLOUGH, Air Force Geophysics Laboratory, private communication (1983).
K. M. MACK AND J. S. MUENTER, J. Chem. Phys. 66, 5278-5283 (1977), W. L. MEERTS, S. STOLTE.
AND A. DYMANUS, Chem. Phys. 19, 467-472 (1977).
M. A. H. SMiTH AND L. L. GORDLEY, J. Quant. Spectrosc. Radiat. Transfer 29, 413418 (1983),
J. M. HOELL, C. N. HARWARD, C. H. BaIR, AND B. S. WiLLIAMS (Private communication).
S. LUNDQVIST, J. MARGOLSS, AND J. REID, Appl. Opt. 21, 3109-3113 (1982).
J. MARGOLIS, J. Quant. Spectrosc. Radiai. Transfer 29, 539-542 (1983).
C. MEUNIER, P. MARCHE, AND A. BARBE, J. Mol. Spectrosc. 95, 271-275 (1982).
10. G. YAMAMOTO AND T. AOKI, J. Quant. Spectrosc. Radiat. Transfer 12, 227241 (1972).
11. G. D. T. TEsWANI AND E. S. YEUNG, J. Chem. Phys. 63, 15131517 (1975).
12. 1.-Y. MANDIN, J.-M. FLauDp, AND C. CAMY-PEYRET, Laboratoire de Physique Moléculaire et
d'Optigue Atmosphérigue, CNRS, Orsay, France, private communications.
13. P. W. ANDERSON, Phys. Rev. 76, 647-661 (1949); 80, 511-513 (1950); C. J. TsA0 AND B. CURNUTTE,
JR., J. Quant. Spectrosc. Radiai. Transfer 2, 41-91 (1962).
14. R. W. DAVIES, Phys. Rev. A 12, 927-946 (1975).

TR
N~

Blia o) =,
w

~

\
0% N>

YN

Ll
.
. %o

o
. D
ARG

oy 113

L J
SRR N S A0 55 E0 G VR SO R GRS G AN L5 Ch




FeAE TR SRMET R LYW YOV, LN g A A
-

(ot PR LS PP

- ‘1-".i~

THEORETICAL HALFWIDTHS OF "0, 299

15. R. H. TipeiNG, Theuis, Department of Physics, The Pennsylvania State University, 1969.

16. R. H. TiePING AND R. M. HERMAN, J. Quant. Spectrosc. Radiat. Transfer 10, 881-896 (1970).

17. R. H. TipPING AND R. M. HERMAN, J. Quant. Spectrosc. Radiat. Transfer 10, 897-908 (1970).

18. 1. BONAMY, L. BONAMY, AND D. ROBERT, J. Chem. Phys. 67, 4441-4453 (1977).

19. M. BERARD AND P. LALLEMAND, J. Quant. Spectrosc. Radiat. Transfer 19, 387-396 (1978).

20. 1. 1. GERSTEN, Phys. Rev. A 4, 98-108 (1970).

21. G. BACHET, J. Quant. Spectrosc. Radial. Transfer 14, 1277-1283 (1974), R. M. HERMAN, Phys. Rev.
132, 262 (1963); J. Quant. Spectrosc. Radiat. Transfer 3, 449 (1963).

22. D. ROBERT, M. GIRAUD, AND L. GALATRY, J. Chem. Phys. 51, 2192-2205 (1969).

23. E. PIOLLET-MARIEL, C BOULET, AND A. LEVY, Mol. Phys. 33, 255-258 (1977);, P. IsNARD, C.
BOOLET, D. ROBERT, AND L. GALATRY, Mol. Phys. 33, 259-280 (1977).

24. R. P. LEAvITT, J. Chem. Phys. 13, 5432-5450 (1980).

25. R. W. DAVIES AND B. A. Ou1, J. Quant. Spectrosc. Radiat. Transfer 20, 95-120 (1978).

26. A. GOLDMAN, Physics Department, University of Denver, and A. BARBE, Laboratoire de Physique
Moléculaire, Universite de Reims, France, private communications.

27. R. W. DaviEs, R. H. TIPPING, AND S. A. CLOUGH, Phys. Rev. A 26, 3378-3394 (1982).

28. R. W. Davigs (unpublished).

29. J.-Y. MANDIN, J.-M. FLAUD, AND C. CAMY-PEYRET, J. Quant. Spectrosc. Radial. Transfer 23, 351~
370 (1980).

30. A. STACE AND J. MURRELL, J. Chem. Phys. 68, 3028 (1978).

31. 1. O. HIRSCHFELDER, C. F. CURTISS, AND R. B. BIRD, “Molecular Theory of Gases and Liquids.”
Wiley, New York, 1954.

32. L. S. ROTHMAN, R. R. GAMACHE, A. BARBE, A. GOLDMAN, J. R. GiLuss, L. R. BROWN, R. A,
TOTH, J.-M. FLAUD, AND C. CAMY-PEYRET, Appl. Opt. 22, 2247-2256 (1983).

33. D. KORFF AND R. P. LEAVITT, Phys. Letr. A 53, 351 (1975); D. ROBERT AND J. BONaMY, J. Phys.
(Paris) 40, 923 (1979); R. P. LEAVITT AND D. KORFF, J. Chem. Phys. T4, 2180-2188 (1981).

34. D. E. STOGRYN AND A. P. STOGRYN, Mol. Phys. 11, 371-393 (1966); D. E. STOGRYN (Private
communication),

35. R. S. BERRY, S. A. RICE, AND J. ROsS, “Physical Chemistry,” p. 775, Wiley, New York, 1980.

11y

- OV I

w sy e ml s
R ML TS ) [ e A T M S R .
AP AR LA L KU PG PU UL A A LA O R X




| AN

AAFLANS

B6.

Theoretical N,-broadened halfwidths of 10

Robert R. Gamache and Laurence S. Rothman

Halfwidth and pressure-induced line shifts for ozone perturbed by nitrogen have been calculated using the
quantum Fourier transform theory with improved dynamics (QFT-ID). All unique rotational transitions
from J = 1 to 35 present on the AFGL main gas atlas (4852 transitions) have been considered. The
halfwidth as a function of J. K,, and transition type is considered for the first time over a full range of these
quanta. Comparison with experiment shows the QFT-ID results for the halfwidth to be accurate to 5-10%
No corresponding measurements of the line shift have been made. hence the accuracy of the line shift is un-
known: they can be used, however, for predicting trends.

. Introduction

The use of molecular spectroscopy in the microwave
and IR regions to study and monitor the atmosphere has
proved to be one of the most practical and sensitive of
methodologies. The results of such studies are very
important in determining the background for target
detection systems, chemical cycles of the atmosphere,
concentration-altitude profiles, and climatic cycles. To
obtain data from this method one must understand the
absorption and emission spectrum of molecular con-
stituents of the atmosphere. This can be done through
high resolution simulation, e.g., AFGL’s FASCODE
program,! if a catalog of spectral parameters exists for
the molecule in question. There is such a catalog for
the seven most IR-active molecules of the terrestrial
atmosphere? and for twenty-one trace gas constituents
of the atmosphere.3 Several other catalogs exist for
molecules important to astrophysical and planetary
studies.4® To generate atmospheric synthetic spectra,
at least four basic parameters are necessary: o the
resonant frequency, S the intensity, a the halfwidth,
and E” the lower state energy of the transition. While
much of these data come from laboratory or field mea-
surements, ultimately the parameters must be calcu-
lated due to the vast number of data needed, especially
for long-path atmospheric simulations.

To understand atmospheric spectra for the study of
trace gases, the main infrared-active absorbers must be
well understood. In this work we are concerned with
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the molecule ozone which has a very rich spectrum and
is known to play an important role in air chemical cycles,
temperature regulation of the lower atmosphere and
climate, and must be well determined in order to extract
information on trace atmospheric constituents in the
far IR.8 For ozone much work has been done in deter-
mining the positions and intensities of transitions’-14;
however, the halfwidths of the transitions have not been
as extensively studied. Several experimental mea-
surement programs have been performed,8-14 although
they amount to less than 200 transitions. Some theo-
retical calculations have been performed for collisional
broadening of ozone.!>-18 1In the work of Yamamoto
and Aoki,! the emphasis was on investigating the rel-
ative contribution of the quadrupole-quadrupole in-
teraction to the dipole—-quadrupole interaction. In Ref.
16 the quadrupole moment tensor values were from an
ab initio calculation.!’® Although the value of ¢, the
magnitude of the quadrupole moment g2 = 62, + 15(8,,
~ 0,.)?, used in this study does not differ significantly
from recent measured values,2° the individual compo-
nents differ considerably. Reference 15 has demon-
strated that the values of the components themselves
affect the calculation of the halfwidth. The third
study!” considered only ten lines; the recent quadrupole
component constants?” were used but the calculations
were done using the conventional Anderson-Tsao-
Curnutte (ATC) theory?! which has been shown to
produce results much too low.17:1822 The last of these
studies!® used approximate trajectories to better rep-
resent actual trajectories and the quantum Fourier
transform (QFT) method?? with improved molecular
constants. These QFT-ID (improved dynamics) cal-
culations were compared with 127 experimentally
measured halfwidths and the results agree to within
10%.

Here we present results for 4852 transitions of ozone
broadened by N; calculated by the QFT-ID method.

1June 1985 / Vol. 24, No. 11 / APPLIED OPTICS 1651




QFT theory has been chosen over the standard ATC
theory since it has provided better agreement with ex-
periment!® and explicitly includes velocity averaging
in its formulation which results in a great reduction in
computation time. The transitions studied considered
J” and J’, lower and upper rotational quantum num-
bers, up t0 35. Using the ratio of air-broadened to ni-
trogen-broadened halfwidths reported in Ref. 18 which
was determined from transitions up to J = 28, air-
broadened values were generated for all transitions with
J'J* < 35 that were present on the AFGL atlss.?
{Transitions of higher J use extrapolated average values
of the halfwidth.)

The pressure-induced shift was also computed for
each transition. However, because of the lack of ex-
perimental measurement they are not discussed here.
Because of the large number of transitions studied, the
tables are not reproduced in this paper but are available
from the authors, and the corresponding air-broadened
values (0.95vn,) will be present in the next version of
the AFGL atlas.

H. Theory

The theory discussed here is an extension of the
model first proposed by Tipping and Herman.?¢ The
method has been discussed by Berard and Lallemand?s
and similar methods based on Ref. 21 can be found.in
the literature.1326 The method considers an isotropic
potential that can be treated by classical mechanics as
well as the usual anisotropic potential treated by sec-
ond-order perturbation theory. By assuming an iso-
tropic potential one can replace the classical parameters
b,v by the distance of closest approach r, and the rela-
tive velocity at this point v, resulting in dynamics that
are correct to first order in time. This is shown in Fig.
1 where the classical path trajectory labeled b and v
(solid straight line) is related to the first-order-in-time
trajectory labeled 7. and v, (dashed straight line) by the
actual trajectory (solid curved line) determined from
a potential. A full description of the method applied
to ozone with N, and O: as perturbing gases can be
found in Ref. 18; here we summarize the method.

Within the framework of the QFT-ID theory the
collision-broadened halfwidth in cm—1/atm for a tran-
sition { — f is given by a factor times the real part of a
perturbation operator Py, i.e.,

1
Vi = Py Re[Py(w), (1

where ¢ is the velocity of light. The effect of collisions
is obtained by averaging over angular orientations of the
molecules, integrating over impact parameters, and
averaging over the relative velocity using the Max-
w'ell-Boltzmann velocity distribution function. This
gives

Py=np j; " 2x68(r.0¢)db, @

where n is the number density of the perturbers, T is the
mean relative thermal velocity, (82 T/xu)1/2, u is the
reduced mass, and S(r.,v.) is the interruption function

1652  APPLIED OPTICS / Vol. 24, No. 11 / 1June 1988

Fig. 1. Comparison of classical path, first-order-in-time, and actual
trajectories.

dependent on the first-order-in-time trajectories labeled
r. and v.. We note here that in QFT theory a proper
velocity average of the halfwidth is done analytically
resulting in the mean thermal velocity in Eq. (2). Thus
unlike the perturbation operator in ATC theory (see
Ref. 18), the velocity averaging has explicitly been done.
The interruption function we obtain here is of the same
form as that obtained in the ATC or QFT theory except
r. replaces b and v, replaces v. Thus the tabulations
of interruption functions found in the literature?’-2? can
be used.

To evaluate the integral in Eq. (2) the first-order-
in-time trajectory parameters r. and v, must be related
to the classical path trajectories b and v. Evoking
conservation of momentum gives

bu = r.v,, 3)

and from conservation of energy one arrives at

b)2 &(r)

where ¢(r) is the isotropic potential describing the
trajectories. Here as in all other works!8-24-26 using this
method, a Lennard-Jones potential is employed:

R I

With the parameters b, v, r., and v, related, the in-
tegral in Eq. (2) can be evaluated. This is done by the
usual cutoff approach, i.e., the point (bo) at which
S(r.,u;) = 1 is obtained and the integral can be
written

_f " 2xbS(re.ve)db = xb + f " 22b6S(r. we)db. ®)
0 bo

Because the interruption function depends on r. and
uc (i.e., the potential), the integral from bq to = was not
done by resonance function tabulation as it is in the
conventional ATC and QFT methods. Here the inte-
grals in Eq. (6) were calculated numerically to evaluate
the perturbation operator and hence the halfwidth.

1. Resuits

We have performed calculations via the QFT-ID
theory for ozone with nitrogen as the perturbing gas. In
these calculations the dipole {O3)-quadrupole (Nj) in-
teraction (d-q) and the quadrupole (O3)-quadrupole
(Ny) interaction (g-¢) have been considered. Vibra-
tional dependence was taken into account for A- and
B-type levels by using Hamiltonian constants for the
v3 state and the ground state of ozone. The molecular
constants used in the calculations are given in Table I
and in all cases are reproducible and confirmed by
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Tablel. Molecular Constants and Paramelers Used in the Caiculations

Molecule/parameter Value Reference

Qzone

Dipole moment 0.53087 X 10-18 egu cm? 20,34

Quadrupole moments

Ooe =1.4(2) X 10-28 esu cm? 20

0 —0.7(2) X 10~26 esu cm? 20

O 2.1(3) X 10~26 egu cm? 20

Hamiltonian constants See Ref. 35 35
Nitrogen .
" Quadrupole moment -1.4 £ 0.1 esu cm? 36

Rotational constant b, 2,010 cm™! 37
Systems

Ox-N;

Reduced mass 29375 X 10~B g

Lennard-Jones parameters

¢ 181.5cm™! This work

4 3.11 X 10~¢cm This work
Other

Temperature 296 K This work

QFT scaling parameter o 2.99 This work

several studies (see references in Table I). In all cal-
culations, the d-¢ and ¢—q interactions arising from the
Anderson Samiddle term were also included. For the
QFT theory, as in ATC theory, the numerical coeffi-
cients for the middle term are just twice those given in
Ref. 30 for the outer terms. The asymmetric quadru-
pole moment of O3 was included using precisely the
same formalism as developed by Yamamoto and Aoki,'%
and our definition of quadrupole moment companents
(as given in Table I) is identical to theirs.

In all calculations the temperature was fixed at 296
K. The QFT scaling parameter a was adjusted to give
the best fit to the theoretical halfwidth of three tran-
sitions (532—533, 12211—11210, 2852¢—27523)
computed using the ATC method, including velocity
averaging. The choice of these transitions was such
that they represented a good range of J and that proper
velocity averaged ATC results were available from an
earlier study (see Ref. 18, Table III). The inclusion of
more transitions will not change a significantly. Since
QFT already contains the average over velocity, ad-
justing a by theory must use velocity averaged ATC
results and not the usual mean thermal velocity results.
The advantage of the above method of fixing « is that
there is no experimental bias in the QFT results.

The Lennard-Jones parameters for the calculations
were derived by taking literature values for the oxygen
atom3! and for the nitrogen molecule.32 Using a pair-
wise additive scheme3? for the three oxygen atoms of
ozone and the perturbing molecule N2, we constructed
the potential by averaging over angular orientations of
the ozone molecule. This generated the values of o and
¢ for the O3-N; system found in Table L.

It should be noted that the Lennard-Jones parame-
ters ¢ and ¢ were adjusted without any attempt at
matching experiment; in fact all parameters were de-
tt:rk?imd before halfwidth calculations were under-

n.
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Calculations were done for all unique rotational
transitions of ozone from J” = 1 to 35 present in the
AFGL atlas. Given the relationship between P and R
transitions, namely,

¥{R(AK, AK,)] = v[P(-AK,,~AK,)), )

all P transitions were put into R-type and only unique
ones retained. This produced a list of 4852 transitions
for which the nitrogen-broadeznzJ halfwidth and pres-
sure-induced shifts were calculated. Although an exact
relationship like Eq. (7) does not hold for the shift, the
shift of the individual levels was calculated and the
corresponding shifts for P transitions can be computed
from the final results. Because of the absence of ex-
perimental line shift measurements for ozone we limit
our discussion to the calculated halfwidths.

fV. Discussion

Before discussing the results, the accuracy of the
QFT-ID calculation will be presented. Fortunately for
N; broadening a fair number of experimental mea-
surements®1114 which cover a wide range of J are
available for comparison. The QFT-ID results are
compared to experiment in Table II. In general the
agreement is close to or within experimental error.

Table 8. Comparieon of QFT-ID Calouiations with Experiment for Ny

Broadening of Ozone st 206 K *
Percent
Average difference
experimental compared
Experimental percent with QFT-ID
reference error calculations

Lundqvist et al.? 5.0 8.7
Meunier et al.1? 2.7 23
Margolist? . 10.0 84
Connor and Radford?4 4.0 82

4 Comparison is based on transitions with J”J* < 35, i.e., the upper
limit of the present calculations.

1June 1985 / Vol. 24, No. 11 / APPLIED OPTICS 1683

¢ o wvmil




A e

~A MY,

v

e

- —— ¥ o L S T O, T NS
:

Considering the higher accuracy results?10:¢ only, the
average percent error is ~5%. To obtain the accuracy
of the calculated halfwidths, we take the weighted av-
erage of the results of the comparison given by

T Aini/Eupi
E = ;—-——' ] (8)
? ni/E oxpi

where A; is the absolute percent difference between
experiment and theory for result i, n; is the number of
results of error E oxpi, and E oy is the experimental error
for the ith result. The use of the absolute percent dif-
ference gives a larger value of E. However, we believe
it is more meaningful than a percent difference which
cancels some of the error. This analysis gives 7.0% as
the average accuracy of the QFT-ID results for the
halfwidth of N, broadening of ozone.

The first question we address from these calculations
is whether the halfwidths are dependent on the type of
transition, A-type or B-type. This is questioned be-
cause the two bands have different selection rules and
transition probabilities and some experiments®? have
suggested different average values of the halfwidth for
each band. This was also concluded in the theoretical
work of Tejwani and Yeung.!® The results from ex-
periment were determined by a relatively small number
of measurements which were not representative of a full ,
range of J and K,. The average halfwidth was evalu-
ated from the calculations performed here: the 2855
A-type lines studied give ¥4 = 0.0680 cm~/atm and the
1730 B-type lines studied give ¥g = 0.0678 cm~!/atm.
These calculations considered a wide range of J” (1-35)
and a full range of K,; the results indicate the average
halfwidth is independent of the type of transition. This
is further demonstrated in the following discussion.

The calculations show the halfwidth is dependent on
the rotational quantum numbers of the upper and lower
states (vibrational dependence is small'8) ranging from
a maximum of 0.081 cm~!/atm to a low of 0.059
cm~1/atm, representing a fluctuation of ~32%. Aver-
aging the halfwidth on J” only gives the usual y vs J”
dependence as shown in Fig. 2. If one analyzes the data
more rigorously the situation is not so simple: with the
large number of transitions studied, the different types
of transition (AJ,AK,) give many variables that can be
used as coordinates to look for trends. As a first step
the data were separated into Q and R transitions. This
still aliows many possible connecting states from a given
initial state. A further separation was achieved by
considering transitions with different AK, (e.g.,
0,1,2,...) to give groups of halfwidths labeled by tran-
sition type, Q or R, and the AK, for the transition.
This yields four main groups to study, Q transitions
AK, = 0,1 and R transitions AK, = 0,1. To analyze the
data, 3-D plots were produced with the halfwidth (Z
axis) vs J” (X axis) vs K (Y axis). (Note from here on
we drop the double prime superscript on the lower state
quantum numbers.) To better view the structure the
final plots were done with the x-y axis rotated to a
viewing angle of 226° with the x-z axis only tilted 15°
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Fig. 2. Nz-broadened halfwidth of O3 averaged as a function of J*.
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Fig. 3. Halfwidth vs J” va K, for R transitions with AK, = 0.
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Fig. 4. Halfwidth va J* va K for R transitions with AK, = 1,

toward the viewer. Due to the similarity of the plots we
present the results for the R(AK, = 0) and the R(AK,
= 1) groups shown in Figs. 3 and 4, respectively. Note
that Fig. 3 corresponds to A-type transitions and Fig.
4 to B-type transitions. The similar features observed
in these plots confirm that the halfwidth is independent
of transition type.

A surprising structure observed in Figs. 3 and 4 is the
oacillation in the value of the halfwidth as a function of
K, for a particular J. With increasing K, the halfwidth
decreases at firat after which it rises quickly and then
decreases again out to K, = J. These oscillations may
be due to the resonances in the energy levels that occur
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Fig.5. Halfwidth vs K for particular values of J*.

with K, for ozone. This may also be an artifact pro-
duced by the resulting Hamiltonian constants that are
used to produce the eigenvectors and eigenvalues used
in the calculations. The question of this unusual
structure could be addressed by experimental study of
the problem. The oscillating structure is further
demonstrated in Fig. 5 where the halfwidth vs K, is
shown for J = 10,15,20,25,30.

The results of these calculations indicate that a con-
stant or J-averaged halfwidth is not appropriate for
studying the properties of ozone. For example, Smith
and Gordley™ have shown that, for ozone, inaccurate
collision-broadened halfwidths can lead to significant
errors in retrieved profiles for broadband radiometric
data or for isolated strong transitions in high-resolution
spectra. The results show a variation of 32% in the
calculated values with respect to the average value 0.068
cm~!/atm and clearly any work dependent on the
hﬁfwidtbs of ozone should take advantage of these new
values. .

V. Summary :
Halfwidths for all unique rotational transitions of
ozone have been calculated for Nz broadening using the
QFT-ID method. Air-broadened halfwidths have been
obtained by scaling the N2-broadened values by 0.95 as
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continued on page 1081
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